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Abstract 
In this thesis, a Multi Input-Multi Output (MIMO) model of a utility boiler turbine generator unit 
is considered. Drum steam pressure, electric power and drum water level (as the output variables) 
are controlled by manipulation of valves position for fuel, feed water and steam flows. The boiler- 
turbine generator is a complex, multivariable and dynamic system. The control of boiler-turbine-
generator using conventional Proportional-Integral-Derivative (PID) controller is a challenging 
task. Due to the fact that, PID controller could work well in one operating condition and cannot 
continuously adapt the changes in the process dynamic. To overcome this problem, a more 
sophisticated controller that could work well over a wide range of operating conditions and 
adaptive in nature is need for such systems. The aim of this thesis is to design Lyapunov rule based 
model reference adaptive controller with decoupler for boiler-turbine-generator. Using the 
decoupler, the MIMO boiler turbine generator is transformed into three independent single input-
single output (SISO) systems, and the interaction is compensated and the controller parameters are 
adjust automatically using adaptive adjustment mechanism in such a way that the error between 
reference model output and actual output of the boiler turbine generator is minimized. The 
decoupled boiler turbine generator model is controlled adaptively based on lyapunov rule and 
simulated using MATLAB/SIMULINK and its performance characteristics is compared with 
conventional PID controller.    
The simulation results have shown that the performance response of the system using model 
reference adaptive controller (MRAC) for steam pressure in terms of the rise time, settling time 
and overshoot are improved by 63.25%, 86.04% and 66.82% respectively as compared to that 
obtained using PID controller. For the case of output power in terms of the rise time, settling time 
and overshoot are improved by 65.75%, 84.2% and 47.89% respectively as compared to that 
obtained using PID controller. And for drum water level, in terms of the rise time, settling time 
and overshoot are improved by 66.87%, 88.06% and 54.66%, respectively as compared to that 
obtained using PID controller. Generally, from the simulation results, it can be conclude that 
MRAC has better performance and is more stable than PID controller.     
Keywords: Boiler turbine generator, Decoupler, Lyapunov rule, Model reference adaptive control, 
Multivariable, PID controller.  
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CHAPTER ONE 
INTRODUCTION 
1.1 Background  
A thermal power plants are power stations which convert heat energy into electric energy. 
Electrical energy generation from thermal power plants involves three energy conversion, 
extracting thermal energy from the fuel and using it raise steam, converting the thermal energy of 
the steam into mechanical energy in the turbine, and using a rotary generator to convert the 
mechanical energy into electrical energy. A boiler-turbine generator is an energy conversion 
device which is commonly used in thermal power plants to generate electricity, where a boiler is 
used to produce steam that drives turbo generator to generate electricity [1]. The steam flow is 
directly proportional to power generation which is the key parameter to be controlled. The other 
parameters to be controlled are the drum steam pressure and drum water level. The principal 
objective in the control of the boiler-turbine generator is to regulate the electric power output to 
meet the load demand arising from the power grid, while maintaining the output variables (drum 
steam pressure and drum water level) within desired bounds. A single boiler is used to generate 
steam that is directly fed to a single turbine. This configuration is usually called a boiler turbine 
unit. The control system for a boiler-turbine unit usually needs to meet the following requirements:  
 Output power must be able to follow the demand. 
 Throttle pressure must withstand load variations. 
 Water level in the drum must be maintained at desired levels to prevent overheating of 
drums or flooding and to avoid wet steam from entering turbines or overheating of 
superheaters due to the excess temperature [1]. 
The control system for a power plant is usually divided into several subsystems. For example, the 
feed water control subsystem is used to regulate the drum water level. The temperature control 
subsystem is used to regulate the steam temperature and the air control subsystem is used to 
regulate the excess oxygen. The coupling between the steam temperature and the excess oxygen 
are not strong, then these subsystems can be designed independently [1]. Thus, the boiler-turbine 
generator can be modeled as a three input-three output system. The three inputs are boiler firing 
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rate (or fuel flow rate, assuming air flow rate is regulated well by air control subsystem), feed 
water flow rate and steam flow rate and the three outputs are drum steam pressure, drum water 
level and electric power as shown in Fig. 1.1.  
 
Fuel flow
(U-1)
          
            Steam flow
          (U-2)
   
Feed-water flow
(U-3)
Boiler
Turbo -  
generator
Drum water level (Y-3)
Drum steam pressure (Y-1) 
 
Electric power (Y-2)
      Fig. 1.1: Multi input-output variables of the boiler-turbo generator 
Boiler–turbine-generator is usually modeled with a multi-input–multi-output (MIMO) nonlinear 
system [2]-[4]. Hence, with more loop interaction. To avoid loop interactions, MIMO systems can 
be decoupled into separate loops known as single input, single output (SISO) systems.  
The two major operations in the boiler-turbine generator system are generation of steam by heating 
the water into steam. The steam is heated further to obtain super steam for maximum power 
generation and to reduce wastage of steam, and the steam is used to rotate the turbine for creating 
mechanical energy in order to drive the shaft of the generator to generate electricity. The 
configuration in Fig. 1.2 uses a single boiler to generate steam and directly feeds the steam to a 
single turbine to generate electricity.  
 
Fig. 1.2: Schematic diagram of the Drum- boiler-turbine unit [5]  
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In power plant control system, the capability to achieve an optimal tracking property of the 
nonlinear MIMO units has been an important task [2]. For optimal tracking of a reference input 
there must be an appropriate control mechanism. In this case for tracking the reference inputs of 
level of the drum, steam pressure and the generated power. Since the system is nonlinear, coupled 
and process dynamic the conventional PID controller method is not applicable. Therefore, it needs 
advanced controller like an adaptive control, which has adjustable parameters of the controller as 
function of the operating condition of the system.   
1.2 Statement of the problem 
The control of boiler-turbine generator is a challenging task due to coupling and its process 
dynamic operations. Most of the previous researches or related works, have studied the boiler-
turbine unit based on the conventional PID controller. The major problem of using conventional 
PID controller for boiler-turbine generator is that these control systems could work well in one 
operating condition and cannot continuously adapt the changes in the process dynamic. When there 
is an interaction or dynamic changes of feed water, fuel and steam outflow, the control system 
becomes difficult to maintain in the automatic mode using conventional PID controller. 
Consequently, it is difficult to regulate the output power to meet the load demand. To overcome 
this problem, a more sophisticated controller that could work well over a wide range of operating 
conditions and  that continuously adapt the changes in the process dynamic is needed as proposed 
in this thesis. Since, the boiler-turbine-generator is a MIMO system; it needs effective 
multivariable control to change the MIMO system into many SISO systems and adaptive control 
technique like model reference adaptive controller to adapt and to avoid the instability problems.                         
1.3  Objectives 
1.3.1 General objective 
The main objective of this thesis is to design Lyapunov rule based model reference adaptive 
controller with decoupler for the boiler-turbine-generator in order to improve performance 
responses. 
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1.3.2 Specific objectives 
The specific objectives of this thesis are:  
• To apply decoupler to change the MIMO boiler-turbine-generator into three independent 
SISO models   
• To design PID controller for the decoupled boiler-turbine generator 
• To design Lyapunov rule based model reference adaptive control for the decoupled boiler-
turbine-generator  
• To simulate both controllers using MATLAB/Simulink  
• To analyze and compare the performance of model reference adaptive control using 
Lyapunov rule with conventional PID controller for the decoupled boiler-turbine generator 
1.4 Methodology 
In this thesis, the mathematical model of R.D. Bell and K.J. Astrom is considered. The model 
represents a boiler-turbine generator for overall wide range simulations and is described by a 
nonlinear state-space equation. The three state variables are drum steam pressure, electric power, 
and steam water fluid density in the drum, respectively [6].   
In order to meet the above specified objectives, the first thing is review of related works. It’s 
reviewed what have been done before this thesis about boiler-turbine generator and analyzed their 
good feature and drawbacks. Next, it’s linearized the nonlinear model using Taylor series 
linearization technique. After modeling the system based on linearization, then decoupling of the 
linearized process model into three independent SISO models is done. The decoupler compensates 
the interactions so that each output is controlled independently using MRAC based on Lyapunov 
adaptation rule and then the response of the system is simulated using MATLAB/Simulink. Finally, 
the output response of this model is compared with the  output responses of conventional PID 
controller.     
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1.5 Scope and Limitation  
1.5.1 Scope  
This thesis is limited to designing of decoupler and model reference adaptive control based on 
lyapunov method for boiler-turbine generator. The mathematical model is adapted from Bell and 
Astrom [6], and we didn’t do the modeling. It’s considers the system only with three inputs such 
as fuel flow, steam flow, and feed water flow and three outputs such as steam pressure, electric 
power, and drum water level. The thesis work is based on MATLAB/Simulink simulation and no 
real time implementation is performed. PID controller is used as a benchmark to illustrate the 
performance of model reference adaptive controller. The MRAC adaptation mechanism is 
analyzed using lyapunov method. Finally, both controllers are applied for the decoupled boiler 
turbine generator and simulated using MATLAB/Simulink for reference inputs of the controlled 
variables.    
1.5.2 Limitation  
In this thesis, the amount of steam temperature and excess oxygen of the boiler-turbine generator 
is not considered. Since the coupling between the steam temperature and the excess oxygen are 
not strong, then these subsystems can be designed independently [1].   
1.6 Thesis Organization 
The remaining part of this thesis is organized as follows. 
Chapter two describes the theory and operation principle of boiler-turbine-generator, and also 
review of related works.  
Chapter three deals with linearization of the nonlinear mathematical model of boiler-turbine-
generator, interaction analysis, and decoupler and design of controller for the decoupled boiler-
turbine-generator. 
Chapter four deals with the simulation results and discussions and finally chapter five draws the 
conclusion and recommend the further work.  
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CHAPTER TWO 
LITERATURE REVIEW 
2.1 Overview  
This chapter covers the theoretical background of a drum-type boiler, the multivariable control, 
and conventional PID controller and adaptive control system. Moreover, different articles and 
journals are reviewed that have been done so far related to boiler turbine system.   
2.2 Theoretical Background of a Drum - Type Boiler 
Boiler or more specifically steam boiler is an essential part of thermal power plant which transfers 
heat from a fuel source (oil, gas, coal) into steam which is piped to a point where it can be used to 
run production equipment, to sterilize, provide heat, to steam-clean and so on. Steam boiler or 
simply a boiler is basically a closed vessel into which water is heated until the water is converted 
into steam at required pressure.  
The boiler is essentially a closed vessel inside which water is stored. Fuel (generally coal) is burnt 
in a furnace and hot gasses are produced. As the heat passes across the outer portion of the tubes 
it transfers heat to the water and the water boils. A continuous flow of water is fed through these 
tubes. Once the water is boiled to steam and a pressure of steam develops. The steam is heated 
further to obtain super steam for maximum power generation and to reduce wastage of steam, and 
the steam is used to rotate the turbine for creating mechanical energy in order to drive the shaft of 
the generator to generate electricity.  
Boilers produce steam for a wide range of industrial purposes such as; electricity generation, 
chemical processes, heating, cleaning, melting and mixing. A typical medium sized boiler 
generates 30,000 kg of steam per hour, at a temperature of 420°C and a pressure of 4.5 MPa. A 
very large scale electric utility boiler may generate more than 4,000,000 kg of steam per hour [7]. 
There are two fundamental requirements for generating steam such as water and heat. These two 
aspects of steam generation are commonly referred to as the water-steam side and the combustion 
side, respectively. Fig. 2.1 is a schematic representation of a typical drum-type boiler. 
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Fig. 2.1: Schematic diagram of boiler [7] 
The water-steam side of the boiler process involves converting water into high-temperature steam. 
The temperature at which water evaporates is known as the saturation temperature. Water below 
this temperature is referred to as subcooled. Subcooled water enters the boiler, when heated to 
saturation temperature, starts to evaporate into steam. Both the water and steam remain at 
saturation temperature until all the water has been evaporated. Throughout evaporation, the 
water and steam are referred to as saturated. After all the water has been evaporated, the steam 
can be heated to a higher temperature. Steam at a higher temperature than saturation temperature 
is called superheated steam [7]. 
The combustion-side involves burning fuel to generate the heat necessary for steam generation. 
Fuel must be mixed with the correct volume of air in order to ensure complete combustion. The 
resulting gases are then directed around the furnace via a system of baffles losing heat to various 
sections of the boiler along the way. Safety and environmental considerations are of primary 
importance on the combustion side [7]. 
2.2.1 Water steam side 
Economizer: the economizer is simple heat exchanger. Subcooled feed water enters the 
economizer and is heated to a higher temperature, but not to saturation temperature. This is a means 
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of improving boiler efficiency, as waste heat in the combustion gases is used to preheat 
the water before it inters the evaporation system. 
Attemperation: steam is heated to a higher temperature than required in the super heater and 
then cooled to the desired temperature. Attemperation typically involves spraying the steam with 
cooling water. 
Steam drum: is a large cylindrical vessel which is approximately half filled with water which 
acts as a separator for the water and steam in the evaporation system. Since the steam drum is 
much larger than mud drum and is commonly referred to as the drum. 
Mud drum: is a smaller cylinder situated below the drum containing water only. 
Super heater: the saturated steam in the drum must be superheated to higher temperature before 
it can do mechanical work in a turbine. In the turbine the steam will lose heat and falls in 
temperature. If the steam entering the turbine is saturated, it will be condensed back to water. If 
condensation occurs in the turbine severe thermal shock will be occurred. To prevent this 
occurrence, the steam must be heated to a sufficiently high temperature, so that it will still be 
superheated as it leaves the turbine. 
Down comers and Risers: are banks of tubes connecting the drum and mud drum. 
Load: A boiler supplies steam to steam consuming process which is single turbine or heating. 
The steam flow rate from the drum is partially determined by the pressure in the steam drum and 
partially determined by the demands of the steam consuming process. For example, the steam 
consuming process can usually demand more or less steam by opening or shutting valves on the 
steam flow pipeline. 
The steam flow from the drum is referred to as the load. Any change in load demand causes 
important changes within the boiler. A load increase, for example, reduces boiler steam pressure. 
Lowering the steam pressure, reduces the saturation temperature and produces a short term 
increase in the steam generated by the boiler (compensating temporarily for the increased load). 
Changes in steam pressure also cause the phenomenon known as Shrink and Swell, which 
results in a temporary change in drum level [7], [8]. 
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2.2.2 Combustion side 
Fuel: Gas, oil and coal are the most common boiler fuels. Gas and oil are both fluids and 
consequently are easier to manage than solid fuels such as coal. Simple gas or oil burners are 
used for these. 
Air: The relative proportions of fuel and air are important for a number of reasons. If there is 
insufficient air for combustion, unburned fuel can collect downstream. This unburned fuel may 
explode when it comes into contact with air. Black smoke and poisonous carbon monoxide are 
another consequence of incomplete combustion. If there is an excess of air, however, boiler 
efficiency is reduced as this excess air also absorbs some of the heat from combustion. 
The combustion side and steam-water side are two very different processes. However, the 
interaction of these processes must be carefully regulated. Poor regulation will have serious 
consequences. If the evaporation rate, which is largely dictated by the fuel flow rate is 
greater than the feed water flow rate, drum water level will drop. If no corrective action is 
taken, this will ultimately cause the drum to dry out. Likewise, if the evaporation rate is less 
than the feed water flow rate, drum level will continue to rise. Ultimately, the drum water will 
overflow into the super heater tubes, causing massive thermal shock. Drum level control is 
further complicated by the phenomenon known as Shrink and Swell. 
2.3 Multivariable Control  
A process may have only one output and controlled by a single manipulated variable. These type 
of process classified as single input-single output system while in process control industries each 
process requires more than one control variables and any system having more than one control 
loops are known as MIMO or multivariable system. Any industrial process is called multivariable 
system because many variables exist in the process and must be regulated. This system may be 
either non-interacting or interacting. The use of the word ‘multivariable’ refers to those processes 
wherein many strongly interacting variables are involved. The multivariable system can have such 
a complex interaction pattern that the adjustment of a single set point causes a profound influence 
on many other control loops in the process. In some cases instabilities, cycling or even runaway 
result from the indiscriminate adjustment of a few set point [9].  
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A typical process control plant may contain more number of input and output signals. There exist 
complicated couplings between the input and output variables. Control of multivariable systems 
requires more complex analysis than that of single variable system. Fortunately, essentially all 
methods and results learned for single variable systems are applicable to multivariable systems. 
Thus, aspects of a single variable system that make it easy or difficult to control have generally 
the same effects for multivariable systems. However, multivariable systems show new 
characteristics due to interactions between the manipulated variables and controlled variables. 
Interaction results from process relationship that causes a manipulated variable to affect more than 
one controlled variable. Many control methods have been applied to control multivariable 
processes with interactions. Centralized controller design for MIMO systems suffer from potential 
problems associated with complex computations, maintenance due to the size and a high risk of 
failure even though it provides better performance. In turn decentralized strategies mathematical 
analysis provide flexible and scalable solutions with simple single-input single-output (SISO) 
controllers [10], [11]. 
The boiler-turbine-generator is naturally a MIMO system. Compared to single input single output 
(SISO) counterparts, MIMO systems are more difficult to control due to the existence of 
interactions between input and output variables.  
2.4 PID Controller  
The PID controller is by far the most common control algorithm [12]. Most practical feedback 
loops are based on PID control or some minor variations of it. Many controllers do not even use 
derivative action. The PID controllers appear in many different forms, as a stand-alone controllers, 
they can also be part of a DDC (Direct Digital Control) package or a hierarchical distributed 
process control system or they are built into embedded systems. Thousands of instrument and 
control engineers worldwide are using such controllers in their daily work. The PID algorithm can 
be approached from many different directions. It can be viewed as a device that can be operated 
with a few empirical rules, but it can also be approached analytically [12]. 
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2.4.1 Algorithm of PID controller 
A PID controller continuously calculates an error value as the difference between a desired set 
point and a measured process variable. The controller attempts to minimize the error over time by 
adjustment of a control variable. The textbook version of the PID controller is [12]: 
                                  𝑢(𝑡) = 𝐾𝑒(𝑡) + 𝐾𝑖 ∫ 𝑒(𝜏)𝑑𝜏 + 𝐾𝑑
𝑑𝑒(𝑡)
𝑑𝑡
𝑡
0
                                                (2.1) 
where 𝑢(𝑡) is the control signal and 𝑒(𝑡) is the control error. The control signal is a sum of three 
terms: the P-term (which is proportional to the error), the I-term (which is proportional to the 
integral of the error), and the D-term (which is proportional to the derivative of the error). The 
controller parameters are proportional gain 𝐾 , integral gain 𝐾𝑖  and derivative gain 𝐾𝑑 . The 
controller can also be parameterized as 
                             𝑢(𝑡) = 𝐾(𝑒(𝑡) +
1
𝜏𝑖
∫ 𝑒(𝜏)𝑑𝜏 + 𝜏𝑑
𝑑𝑒(𝑡)
𝑑𝑡
)
𝑡
0
                                                   (2.2) 
where 𝜏𝑖  is called integral time and 𝜏𝑑 derivative time. The proportional part acts on the present 
value of the error, the integral represent and average of past errors and the derivative can be 
interpreted as a prediction of future errors based on linear extrapolation. 
 Proportional term (P): accounts for present values of the error. Because a non-zero error 
is required to drive it, a proportional controller generally operates with a so-called steady 
state error. Steady-state error (SSE) is proportional to the process gain and inversely 
proportional to proportional gain. SSE may be mitigated by adding a compensating bias 
term to the set point or output, or corrected dynamically by adding an integral term [13]. 
The proportion term is given by; 
                 𝑃𝑜𝑢𝑡 = 𝐾𝑝𝑒(𝑡)                                                                                                    (2.3) 
 Integral term (I): accounts for past values of the error. The contribution from the integral 
term is proportional to both the magnitude of the error and the duration of the error. The 
integral in a PID controller is the sum of the instantaneous error over time and gives the 
accumulated offset that should have been corrected previously. The accumulated error is 
then multiplied by the integral gain and added to the controller output. 
The integral term is given by: 
              𝐼𝑜𝑢𝑡 = 𝐾𝑖 ∫ 𝑒(𝜏)𝑑𝜏
𝑡
0
                                                                                        (2.4) 
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The integral term accelerates the movement of the process towards set point and eliminates the 
residual steady-state error that occurs with a pure proportional controller. However, since the 
integral term responds to accumulated errors from the past, it can cause the present value to 
overshoot the set point value [13]. 
 Derivative term (D): accounts for possible future values of the error, based on its current 
rate of change. The derivative of the process error is calculated by determining the slope 
of the error over time and multiplying this rate of change by the derivative gain. The 
magnitude of the contribution of the derivative term to the overall control action is termed 
the derivative gain, 𝐾𝑑 [13]. 
The derivative term is given by: 
                  𝐷𝑜𝑢𝑡 = 𝐾𝑑
𝑑𝑒(𝑡)
𝑑𝑡
                                                                                           (2.5) 
Derivative action predicts system behavior and thus improves settling time and stability of the 
system.  
As a PID controller relies only on the measured process variable, not on knowledge of the 
underlying process, it is broadly applicable. By tuning the three parameters of the model, a PID 
controller can deal with specific process requirements. The response of the controller can be 
described in terms of its responsiveness to an error, the degree to which the system overshoot set 
point, and the degree of any system oscillation. The use of the PID algorithm does not guarantee 
optimal control of the system or even its stability [12]. 
Some applications may require using only one or two terms to provide the appropriate system 
control. This is achieved by setting the other parameters to zero. PI controllers are fairly common, 
since derivative action is sensitive to measurement noise, whereas the absence of an integral term 
may prevent the system from reaching its target value [12]. 
The PID controller algorithm that operates as a parallel algorithm is shown in the Fig. 2.2.  
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Fig. 2.2: General block diagram of PID controller [13]  
where, 𝑢(𝑡) and 𝑒(𝑡)denotes the control and error signals of the system. Kp, Ki and Kd is the 
proportion, integral and derivative gain values respectively. The corresponding PID controller 
transfer function Gc (s) is given as 
                                      𝐺𝑐(𝑠) = 𝐾𝑝 +
𝐾𝑖
𝑠
+ 𝐾𝑑𝑠                                                                      (2.6) 
 The characteristics of P, I, and D controllers 
A proportional controller (𝐾𝑝) will have the effect of reducing the rise time, but never eliminate 
the steady-state error. An integral control (𝐾𝑖) will have the effect of eliminating the steady-state 
error, but it may make the transient response worse. A derivative control (𝐾𝑑) will have the effect 
of increasing the stability of the system, reducing the overshoot, and improving the transient 
response. Effects of each of controllers Kp, Kd, and Ki on a closed-loop system are summarized in 
the Table 2.1 [13].  
Table 2.1: Effects of increasing PID controller gains independently 
Parameter Rise time Overshoot Settling time S-S error 
↑Kp Decrease Increase Small change Decrease 
↑Ki Decrease Increase Increase Eliminate 
↑Kd Small change Decrease Decrease Small change 
 
2.4.2 Limitation of PID controller 
While PID controllers are applicable to many control problems, and often perform satisfactorily 
without any improvements or only coarse tuning, they can perform poorly in some applications, 
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and do not in general provide optimal control [13]. The fundamental difficulty with PID control is 
that it is a feedback control system, with constant parameters, and no direct knowledge of the 
process, and thus overall performance is reactive and a compromise. 
PID controllers, when used alone, can give poor performance. They also have difficulties in the 
presence of non-linearity. They do not react to changing process behavior (say, the process changes 
after it has warmed up), and have lag in responding to large disturbances [13]. 
2.5 Adaptive Control 
In every language, “to adapt” means to change a behavior to conform to new circumstances. 
Intuitively, adaptive control is thus, a controller that can modify its behavior in response to changes 
in the dynamics of the process and the character of the disturbance. Adaptive controller is a 
controller with adjustable parameters and a mechanism for adjusting the parameters. An adaptive 
control system can be thought of as having two loops. One loop is a normal feedback with the 
process and controller. The other loop is the parameter adjustment loop. A block diagram of 
adaptive system is shown in Fig. 2.3. The parameter adjustment loop is often slower than the 
normal feedback loop [14]. 
Controller
Parameter
adjustment 
Control 
signal
        
plant
    
      Setpoint
     
       
Output
Controller 
parameters
  
Fig. 2.3: Block diagram of adaptive system [14]  
Adaptive systems have useful properties, which can be used to design control systems profitably 
with improved performance [14]. There are four types of adaptive systems such as; gain scheduling, 
model reference adaptive control, self-tuning regulators, and stochastic adaptive control. In this 
thesis we used model reference adaptive control as a controller to control the boiler-turbine-
generator.  
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2.6 Review of Related Works  
The control of boiler-turbine units has been widely studied in the literatures using various control 
techniques in recent years. But most of them are worked on boiler turbine unit to control a single 
variable like temperature, pressure, level or speed of the turbine so that there is no consideration 
of the interactions of the variables. In fact, there are also some researches which consider the 
interaction of the variables, in which most of them uses conventional PID controller. Let us review 
some papers which are worked so far related to the boiler turbine unit. 
Farideh Mohammad Hassani et al. in [15] studied Drum Boiler Control with Output Constraints 
using Model Predictive Control Method. In this case the advantage is, they used a good controller 
that directly apply to nonlinear drum boiler system without any linearization technique and they 
obtained a good performance. However, they have considered only two output constraints drum 
steam pressure and drum level, and two input constraints feed fuel and feed water. They didn’t 
consider the amount of steam in the drum boiler and the electric power which can be inefficient to 
the load demand.  
Angeline Vijula and N.Devarajan in [16] studied decentralized PI controller design for nonlinear 
multivariable systems based on ideal decoupler. In this case the good thing is, they have used 
effective multivariable control system such as decoupler in order to eliminate the strong 
interactions or to transform the highly coupled nature of boiler turbine system into decoupled 
system and they have used PI controller to control the independent loops of decoupled boiler 
turbine system. Hence, achieved good performance because the system is entirely decoupled and 
the variables are independent of each other. However, the controller that used is non-adaptive 
control, hence the system that proposed doesn’t guarantee the stability of the system and it works 
well only in one operating condition.  
K. Chithra et al. in [17] studied design and control of ideal decoupler for boiler turbine system. In 
this case, they have modeled a 3rd order and designed ideal decoupler with PID controller. The PID 
controller parameters are tuned using Ziegler Nichols tuning algorithm. The problem with this 
controller is that the parameters of the controller are constant and the result shows very poor 
performance characteristics like high overshoot, large settling time and large rising time. So, when 
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there is high load demand variation in power, this load variation cannot be maintained with the 
conventional PID controller, since it needs advanced control technique as proposed in this thesis.   
Nasar A et al. in [18] studied Lyapunov rule based model reference adaptive controller designs for 
steam turbine speed control that control the speed of the turbines  which drives a generator to 
maintain at desired speed. This was worked by manipulating or adjusting the steam flow control 
valve. Their control mechanism is advanced which is based on Lyaponov rule based model 
reference adaptive control and their result is also satisfactory. The gap here is that it only control 
the speed of the turbine, deviation of water level while manipulating the steam pressure was not 
considered. For example, when the speed deviates below the set point more steam pressure could 
be needed so that more water is changed to steam and if it doesn’t have a mechanism of water level 
controlling there is possibility of drying the boiler.  
Juan Garrido et al. in [19] have done centralized PID control by decoupling of boiler turbine unit 
to control three variables such as drum steam pressure, drum water level and electrical power 
output. It is designed using decoupling and PID controller. However, the problem is the parameters 
of the controller are constant unless tuned in each time which is tedious and time consuming. 
Hence, the PID controller is non-adaptive controller and works with constant gain.  
From the above, different works are reviewed related to boiler-turbine-generator. It has been 
reported that having limited number of input-output constrains and conventional control scheme 
like PID controller as the controller in boiler-turbine-generator will face some challenges as 
mentioned in the above. The solution to these problem is to develop a control system that 
continuously adapt to the parameter changes in the plant as proposed in this thesis work. Adaptive 
control is a more sophisticated controller that could work well over a wide range of operating 
conditions. Intuitively, adaptive control is thus, a controller that can modify its behavior in 
response to changes in the dynamics of the process.  
Therefore, in this thesis work, MRAC is designed based on Lyapunov adaptation rule for the 
decoupled boiler-turbine-generator to improve the performance responses.  
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CHAPTER THREE 
SYSTEM MODEL AND CONTROLLER DESIGN 
3.1 Overview   
This chapter deals with the mathematical model and controller design for the system. Nonlinear 
dynamic model of boiler-turbine-generator, linearizing of the mathematical model, interaction 
analysis, applying of decoupler, designing of PID controller for the decoupled boiler-turbine-
generator, and designing of model reference adaptive controller for the decoupled boiler-turbine-
generator and analyzing are the methods used. The following sections present each of these in 
detail.    
3.2 Nonlinear Dynamic Model of a Boiler-Turbine-Generator 
In this thesis, the nonlinear dynamic model of a boiler-turbine-generator presented by Bell and 
Astrom is used [6]. Parameters of this model were estimated by data measurement from the 
Synvendska Kraft AB Plant in Malmo, Sweden. The original dynamic model of this plant has been 
widely used since 1987 for various research purposes. This plant is still in use without any change 
for the current researches. This model is used to design a controller in this thesis. 
As shown in Fig. 3.1, output variables are denoted by 𝑦1 for drum steam pressure (Kg/cm
2), 𝑦2 for 
output power (MW) and 𝑦3 for drum water level (M). Input variables are denoted by 𝑢1, 𝑢2 and 
𝑢3 for valves position of fuel flow, steam flow and feed-water flow respectively.  
 
 
Fuel flow
          
            Steam flow
   Feed-water flow
Boiler Turbo -  
generator
U-3
U-1
U-2
Drum water level (Y-3)
Drum steam pressure (Y-1) 
 
Electric power (Y-2)
 
Fig. 3.1: Multi input-output variables of the boiler-turbine generator 
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The specifications of boiler turbine generator used to evaluate the models are given in Table 3.1. 
Table 3.1: Specifications of the boiler-turbine-generator for the given model 
Rated power 160MW-Oil fired 
Steam flow at rated load 140Kg/sec 
Drum steam pressure 140Kg/cm2 
Superheated steam temperature 535oc 
Volume of drum 40m3 
Mass of water in the system at normal operating 
conditions 
40,000Kg 
Mass of steam in the system at normal operating 
conditions 
2,000Kg 
Feed water temperature 300oc 
Fuel flow at rated load 14Kg/sec 
 
Table 3.2: Notations used in modelling boiler-turbine-generator 
Notation Name Measurement 
𝑦1 Drum steam pressure Kg/cm
2 
𝑦2 output power MW 
𝑦3 Drum water level M 
Qf Fuel mass flow rate Kg/sec 
Qfw Feed water flow rate Kg/sec 
Qs Steam mass flow rate Kg/sec 
𝑢1 Fuel actuator position (0-14Kg/sec) 
𝑢2 Steam control valve position (0-140Kg/sec) 
𝑢3 Feed water actuator position  (0-140Kg/sec) 
𝑎𝑐𝑠 Quality steam - 
𝑋3 Specific density of the fluid Kg/m
3 
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Dynamics of this 160 MW oil-fired unit is given in state space representation as follows [6]: 
?̇?1 = −0.0018𝑢2 𝑥1
9
8 + 0.9𝑢1 − 0.15𝑢3                                                                               (3.1) 
?̇?2 =
(0.73𝑢2−0.16)𝑥1
9
8−𝑥2
10
                                                                                                            (3.2)  
?̇?3 =
[141𝑢3−(1.1𝑢2−0.19)𝑥1]
85
                                                                                                       (3.3) 
𝑦1 = 𝑥1                                                                                                                                        (3.4) 
𝑦2 = 𝑥2                                                                                                                                       (3.5) 
𝑦3 = 0.05(0.13073𝑥3 + 100𝑎𝑐𝑠 + 𝑞𝑒/9 − 67.975)                                                         (3.6) 
where 𝑥3  denotes fluid density (kg/m
3), 𝑎𝑐𝑠  and 𝑞𝑒  are the steam quality and evaporation rate 
(Kg/s), respectively, and given by: 
𝑎𝑐𝑠 =
(1−0.001538𝑥3)(0.8𝑥1−25.6)
𝑥3(1.0394−0.00123404𝑥1)
                                                                   (3.7) 
𝑞𝑒 = (0.854𝑢2 − 0.147)𝑥1 + 45.59𝑢1 − 2.514𝑢3 − 2.096                            (3.8) 
From (3.1) to (3.8) are non-linear boiler turbine state equation and output equation. 
where, the three inputs are:  
𝑢1=Normalized positions of valve actuators that control the mass flow rates of fuel 
𝑢2= Normalized positions of valve actuators that control the steam to the turbine 
𝑢3= Normalized positions of valve actuators that control feed water to the drum 
The three outputs are: 
𝑦1 = Drum steam pressure (𝑥1) 
𝑦2  = output power (𝑥2) 
𝑦3  = Drum water-level deviation (L in meters) 
The drum water-level, is calculated using two algebraic calculations 𝑎𝑐𝑠= Steam quality (mass 
ratio) and 𝑞𝑒 = Evaporation rate (Kilograms per second). 
The three state variables are 
 𝑥1= Drum steam pressure  
 𝑥2= output power  
 𝑥3= Steam water fluid density in the drum  
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3.3 Linearization of the Nonlinear System  
Linearization is the process of replacing the nonlinear system model by its linear counterpart in a 
small region about its equilibrium point. Boiler-turbine-generator is one example of nonlinear 
system and multivariable, it is assumed that the exact mathematical model is given; therefore, the 
linearized model is used to design the controller.  In this thesis the nonlinear model is linearized 
using Taylor series expansion at the operating point, 
𝑦0 = (𝑦1
0,  𝑦2
0, 𝑦3
0), 𝑥0 = (𝑥1
0, 𝑥2
0, 𝑥3
0), 𝑢0 = (𝑢1
0, 𝑢2
0, 𝑢3
0). 
The general form of nonlinear system ?̇? = 𝑓(𝑥, 𝑢) is written as:       
𝑑𝑥1
𝑑𝑡
= 𝑓1(𝑥1,  𝑥2, … , 𝑥𝑛,  𝑢1, 𝑢2, … 𝑢𝑚) 
𝑑𝑥2
𝑑𝑡
= 𝑓2(𝑥1,  𝑥2, … , 𝑥𝑛,  𝑢1, 𝑢2, … 𝑢𝑚)                                                       (3.9) 
⋮ 
                                              
𝑑𝑥𝑛
𝑑𝑡
= 𝑓𝑛(𝑥1,  𝑥2, … , 𝑥𝑛,  𝑢1, 𝑢2, … 𝑢𝑚)                                                   
Let 𝑢0 = [𝑢1
0 𝑢2
0  ⋯ 𝑢𝑚
0 ]𝑇  be a constant input that force the system ?̇? = 𝑓(𝑥, 𝑢) to settle into a 
constant equilibrium state: 
𝑥0 = [𝑥1
0 𝑥2
0  ⋯ 𝑥𝑛
0]𝑇  Such that 𝑓(𝑥0, 𝑢0) = 0  holds true. 
the equilibrium state by allowing: 
𝑥 = 𝑥0 + ∆𝑥  and  𝑢 = 𝑢0 + ∆𝑢 . Tayler’s expansion yields 
                               
𝑑𝑥
𝑑𝑡
= 𝑓(𝑥0 + ∆𝑥, 𝑢0 + ∆𝑢) 
= 𝑓(𝑥0, 𝑢0) +
𝜕𝑓
𝜕𝑥
(𝑥0, 𝑢0)∆𝑥 +  
𝜕𝑓
𝜕𝑢
(𝑥0, 𝑢0)∆𝑢 +
1
2
 
     𝜕2𝑓
∂𝑥2
(𝑥0, 𝑢0)(∆𝑥)2 +
       
𝜕2𝑓
𝜕𝑥𝜕𝑢
(𝑥0, 𝑢0)(∆𝑥)(∆𝑢) + 
1
2
 
     𝜕2𝑓
∂𝑢2
(𝑥0, 𝑢0)(∆𝑢)2 + high order terms                             (3.10) 
Truncating (3.10) after the linear terms it yields 
𝑑𝑥
𝑑𝑡
= 𝑓(𝑥0, 𝑢0) +
𝜕𝑓
𝜕𝑥
(𝑥0, 𝑢0)∆𝑥 +
𝜕𝑓
𝜕𝑢
(𝑥0, 𝑢0)∆𝑢                                            (3.11) 
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                 where: 
                                
𝜕𝑓
𝜕𝑥
(𝑥0, 𝑢0) =
[
 
 
 
𝜕𝑓1
𝜕𝑥1
 … 
𝜕𝑓1
𝜕𝑥𝑛
⋮
𝜕𝑓𝑛
𝜕𝑥1
 … 
𝜕𝑓𝑛
𝜕𝑥𝑛
 ]
 
 
 
(𝑥0,   𝑢0)
                                                     (3.12) 
                          
𝜕𝑓
𝜕𝑢
(𝑥0, 𝑢0) =
[
 
 
 
 
𝜕𝑓1
𝜕𝑢1
 … 
𝜕𝑓1
𝜕𝑢𝑚
⋮
𝜕𝑓𝑛
𝜕𝑢1
 … 
𝜕𝑓𝑛
𝜕𝑢𝑚
 
]
 
 
 
 
(𝑥0,   𝑢0)
 
Note that; 
𝑑𝑥
𝑑𝑡
=
𝑑𝑥0
𝑑𝑡
+
𝑑(∆𝑥)
𝑑𝑡
=
𝑑(∆𝑥)
𝑑𝑡
                                                                       (3.13)                                                         
Because 𝑥0 is constant. Furthermore from (3.11), 𝑓(𝑥0, 𝑢0) = 0 
Let; 
                                     𝐴 =
𝜕𝑓
𝜕𝑥
(𝑥0, 𝑢0)  and  𝐵 =
𝜕𝑓
𝜕𝑢
(𝑥0, 𝑢0)                                          (3.14)                      
Neglecting higher order terms, and arrive at the linear approximation and write in state-space form: 
𝑑(∆𝑥)
𝑑𝑡
= 𝐴∆𝑥 + 𝐵∆𝑢                                                                             (3.15)                                                                
Similarly, the outputs of the nonlinear system model are in the form of: 
    𝑦1 = ℎ1(𝑥1,  𝑥2, … , 𝑥𝑛,  𝑢1, 𝑢2, … 𝑢𝑚) 
 𝑦2 = ℎ2(𝑥1,  𝑥2, … , 𝑥𝑛,  𝑢1, 𝑢2, … 𝑢𝑚) 
⋮ 
                                                  𝑦𝑝 = ℎ𝑝(𝑥1,  𝑥2, … , 𝑥𝑛,  𝑢1, 𝑢2, … 𝑢𝑚)                                           (3.16) 
Or in vector notation; 
                                      𝑦 = ℎ(𝑥, 𝑢)                                                                             (3.17)                                                                
Taylor’s series expansion again used to yield the nonlinear approximation of the above output 
equations. Indeed, let 
                                       𝑦 = 𝑦0 + ∆𝑦                                                                          (3.18) 
By apply a Taylor series expansion and truncate high order terms; 
ℎ(𝑥, 𝑢) = ℎ(𝑥0, 𝑢0) +
𝜕ℎ
𝜕𝑥
(𝑥0, 𝑢0)∆𝑥 +
𝜕ℎ
𝜕𝑢
(𝑥0, 𝑢0)∆𝑢                                                (3.19) 
                            𝑦0 = ℎ(𝑥0, 𝑢0)                                                                                             (3.20) 
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                    𝑦 − 𝑦0 =
𝜕ℎ
𝜕𝑥
(𝑥0, 𝑢0)∆𝑥 +
𝜕ℎ
𝜕𝑢
(𝑥0, 𝑢0)∆𝑢 
                           ∆𝑦 = ?̅? = 𝐶?̅? + 𝐷?̅?                                                                                            (3.21) 
                   where; 
                                    𝐶 =
𝜕ℎ
𝜕𝑥
(𝑥0, 𝑢0) and  𝐷 =
𝜕ℎ
𝜕𝑢
(𝑥0, 𝑢0)                                                    (3.22) 
?̅? = ∆𝑥 = (𝑥 − 𝑥0) 
?̅? = ∆𝑢 = (𝑢 − 𝑢0) 
?̅? = ∆𝑦 = (𝑦 − 𝑦0) 
Now, we can write the general vector notation of the nonlinear system and the state-space model 
of the linearized system as follows. 
 Vector notation: 
            ?̇? = 𝑓(𝑥, 𝑢) 
                                    𝑦 = ℎ(𝑥, 𝑢)                                                                                             (3.23)                                                                   
 State-space form 
?̇̅? = 𝐴?̅? + 𝐵?̅? 
                                    ?̅? = 𝐶?̅? + 𝐷?̅?        or                                                                            (3.24)                                                
?̇? = 𝐴𝑥 + 𝐵𝑢 
                        𝑦 = 𝐶𝑥 + 𝐷𝑢    (The “overbar” is usually drooped)                                     
where, element of the linearization matrices are; 
𝐴𝑖𝑗 =
𝜕𝑓𝑖
𝜕𝑥𝑗
(𝑥0, 𝑢0)                                                                                 (3.25) 
𝐵𝑖𝑗 =
𝜕𝑓𝑖
𝜕𝑢𝑗
(𝑥0, 𝑢0)                                                                                 (3.26) 
𝐶𝑖𝑗 =
𝜕ℎ𝑖
𝜕𝑥𝑗
(𝑥0, 𝑢0)                                                                                 (3.27) 
𝐷𝑖𝑗 =
𝜕ℎ𝑖
𝜕𝑢𝑗
(𝑥0, 𝑢0)                                                                                 (3.28) 
Therefore, The nonlinear model of boiler-turbine-generator from (3.1) to (3.8) are linearized using 
Taylor series expansion at the operating point, 𝑦0 = (𝑦1
0,  𝑦2
0,  𝑦3
0), 𝑥0 = (𝑥1
0, 𝑥2
0, 𝑥3
0),    
 𝑢0 = (𝑢1
0, 𝑢2
0, 𝑢3
0) . The result of the linearization is as follows: 
?̇̅? = 𝐴?̅? + 𝐵?̅?                                                                                        (3.29) 
          ?̅? = 𝐶?̅? + 𝐷?̅?                                                                                         (3.30) 
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From (3.1) to (3.3) element of the linearization matrices A and B are calculated by (3.25) and (3.26) 
respectively as follows: 
          𝐴11 =
𝜕𝑓1
𝜕𝑥1
(𝑥0, 𝑢0) =
𝜕
𝜕𝑥1
(−0.0018𝑢2 𝑥1
9
8 + 0.9𝑢1 − 0.15𝑢3)(𝑥0,𝑢0)= −0.0018
9
8
𝑢2
0(𝑥1
0)
1
9 
                 = −0.00203𝑢2
0(𝑥1
0)
1
8                                                                                              (3.31)                         
         𝐴12 =
𝜕𝑓1
𝜕𝑥2
(𝑥0, 𝑢0) =
𝜕
𝜕𝑥2
(−0.0018𝑢2 𝑥1
9
8 + 0.9𝑢1 − 0.15𝑢3)(𝑥0,𝑢0) =  0                       (3.32)                                                                                                                                 
         𝐴13 =
𝜕𝑓1
𝜕𝑥3
(𝑥0, 𝑢0) =
𝜕
𝜕𝑥3
(−0.0018𝑢2 𝑥1
9
8 + 0.9𝑢1 − 0.15𝑢3)(𝑥0,𝑢0) =  0                       (3.33)                                                                                                             
         𝐴21 =
𝜕𝑓2
𝜕𝑥1
(𝑥0, 𝑢0) =
𝜕
𝜕𝑥1
(
(0.73𝑢2−0.16)𝑥1
9
8−𝑥2
10
)(𝑥0,𝑢0)=  
9
8
((0.073𝑢2 − 0.016)𝑥1
1
8)(𝑥0,𝑢0) 
                  = (0.08212𝑢2
0 − 0.018)(𝑥1
0)
1
8                                                                                 (3.34)                                                                            
          𝐴22 =
𝜕𝑓2
𝜕𝑥2
(𝑥0, 𝑢0) =  
𝜕
𝜕𝑥2
[(0.073𝑢2 − 0.016)𝑥1
9/8
) − 0.1𝑥2](𝑥0,𝑢0) = −0.1               (3.35)                                                                                                       
         𝐴23 =
𝜕𝑓2
𝜕𝑥3
(𝑥0, 𝑢0) =  
𝜕
𝜕𝑥3
[(0.073𝑢2 − 0.016)𝑥1
9/8
) − 0.1𝑥2](𝑥0,𝑢0) = 0                      (3.36)                                                                                                                                           
        𝐴31 =
𝜕𝑓3
𝜕𝑥1
(𝑥0, 𝑢0) =
𝜕
𝜕𝑥1
[141𝑢3−(1.1𝑢2−0.19)𝑥1]
85
(𝑥0, 𝑢0)      = 
0.19−1.1𝑢2
0
85
                              (3.37)                                                                                                  
        𝐴32 =
𝜕𝑓3
𝜕𝑥2
(𝑥0, 𝑢0) =
𝜕
𝜕𝑥2
[141𝑢3−(1.1𝑢2−0.19)𝑥1]
85
(𝑥0, 𝑢0)  = 0                                             (3.38)                                                                                                   
        𝐴33 =
𝜕𝑓3
𝜕𝑥3
(𝑥0, 𝑢0) =
𝜕
𝜕𝑥3
[141𝑢3−(1.1𝑢2−0.19)𝑥1]
85
(𝑥0, 𝑢0) = 0                                              (3.39)                                                                           
         𝐵11 =
𝜕𝑓1
𝜕𝑢1
(𝑥0, 𝑢0) =
𝜕
𝜕𝑢1
(−0.0018𝑢2 𝑥1
9
8 + 0.9𝑢1 − 0.15𝑢3)(𝑥0,𝑢0) = 0.9                      (3.40)                                                                                                                  
           𝐵12 =
𝜕𝑓1
𝜕𝑢2
(𝑥0, 𝑢0) =
𝜕
𝜕𝑢2
(−0.0018𝑢2 𝑥1
9
8 + 0.9𝑢1 − 0.15𝑢3)(𝑥0,𝑢0) = −0.0018(𝑥1
0)
9
8   (3.41) 
          𝐵13 =
𝜕𝑓1
𝜕𝑢3
(𝑥0, 𝑢0) =
𝜕
𝜕𝑢3
(−0.0018𝑢2 𝑥1
9
8 + 0.9𝑢1 − 0.15𝑢3)(𝑥0,𝑢0) = −0.15               (3.42)                                                                                                         
          𝐵21 =
𝜕𝑓2
𝜕𝑢1
(𝑥0, 𝑢0) =  
𝜕
𝜕𝑢1
[(0.073𝑢2 − 0.016)𝑥1
9/8
) − 0.1𝑥2](𝑥0,𝑢0) = 0                     (3.43)                                                                                 
          𝐵22 =
𝜕𝑓2
𝜕𝑢2
(𝑥0, 𝑢0) =  
𝜕
𝜕𝑢2
[(0.073𝑢2 − 0.016)𝑥1
9/8
) − 0.1𝑥2](𝑥0,𝑢0) =  0.073(𝑥1
0)
9
8   (3.44)                                                                                                                            
         𝐵23 =
𝜕𝑓2
𝜕𝑢3
(𝑥0, 𝑢0) =  
𝜕
𝜕𝑢3
[(0.073𝑢2 − 0.016)𝑥1
9/8
) − 0.1𝑥2](𝑥0,𝑢0) =  0                    (3.45)                                                                                                                                              
          𝐵31 =
𝜕𝑓3
𝜕𝑢1
(𝑥0, 𝑢0) =
𝜕
𝜕𝑢1
[141𝑢3−(1.1𝑢2−0.19)𝑥1]
85
(𝑥0, 𝑢0)  =   0                                           (3.46)                  
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       𝐵32 =
𝜕𝑓3
𝜕𝑢2
(𝑥0, 𝑢0) =
𝜕
𝜕𝑢2
[141𝑢3−(1.1𝑢2−0.19)𝑥1]
85
(𝑥0, 𝑢0) =  −
1.1
85
𝑥1
0                                     (3.47)                                                                          
       𝐵33 =
𝜕𝑓3
𝜕𝑢3
(𝑥0, 𝑢0) =
𝜕
𝜕𝑢3
[141𝑢3−(1.1𝑢2−0.19)𝑥1]
85
(𝑥0, 𝑢0) =  
141
85
                                            (3.48)                                                                                            
From (3.4) to (3.8) element of the linearization matrices C and D are calculated by (3.27) and (3.28) 
respectively as follows: 
       𝐶11 =
𝜕ℎ1
𝜕𝑥1
(𝑥0, 𝑢0) =
𝜕
𝜕𝑥1
(𝑥1)(𝑥0,𝑢0)  =  1                                                                            (3.49)                                                                                            
       𝐶12 =
𝜕ℎ1
𝜕𝑥2
(𝑥0, 𝑢0) =
𝜕
𝜕𝑥2
(𝑥1)(𝑥0,𝑢0) =  0                                                                          (3.50)                                                                                                         
       𝐶13 =
𝜕ℎ1
𝜕𝑥3
(𝑥0, 𝑢0) =
𝜕
𝜕𝑥3
(𝑥1)(𝑥0,𝑢0)  =  0                                                                           (3.51)                                                         
      𝐶21 =
𝜕ℎ2
𝜕𝑥1
(𝑥0, 𝑢0) =
𝜕
𝜕𝑥1
(𝑥2)(𝑥0,𝑢0) =  0                                                                           (3.52)                                                                                                                 
       𝐶22 =
𝜕ℎ2
𝜕𝑥2
(𝑥0, 𝑢0) =
𝜕
𝜕𝑥2
(𝑥2)(𝑥0,𝑢0) =  1                                                                            (3.53)                                                                                                
      𝐶23 =
𝜕ℎ2
𝜕𝑥3
(𝑥0, 𝑢0) =
𝜕
𝜕𝑥3
(𝑥1)(𝑥0,𝑢0)  =  0                                                                           (3.54)                                                                                                                                          
      𝐶31 =
𝜕ℎ3
𝜕𝑥1
(𝑥0, 𝑢0) =
𝜕
𝜕𝑥1
[0.05(0.13073𝑥3 + 100𝑎𝑐𝑠 + 𝑞𝑒
9
− 67.975)](𝑥0,𝑢0)  
             = 5
𝜕𝑎𝑐𝑠
𝜕𝑥1
+
0.05
9
𝜕𝑞𝑒
𝜕𝑥1
                                                                                                           (3.55)                                                                                                                     
Substitute the value of 𝑎𝑐𝑠 𝑎𝑛𝑑 𝑞𝑒 from (3.7) and (3.8) respectively. 
𝑎𝑐𝑠 =
(1−0.001538𝑥3)(0.8𝑥1−25.6)
𝑥3(1.0394−0.00123404𝑥1)
  
𝜕𝑎𝑐𝑠
𝜕𝑥1
=
𝜕
𝜕𝑥1
[
(1−0.001538𝑥3)(0.8𝑥1−25.6)
𝑥3(1.0394−0.00123404𝑥1) 
]  
=
 
[𝑥3(1.0394−0.00123404𝑥1)∗
𝜕
𝜕𝑥1
((1−0.001538𝑥3)(0.8𝑥1−25.6))−(1−0.001538𝑥3)(0.8𝑥1−25.6)∗
𝜕
𝜕𝑥1
(𝑥3(1.0394−0.00123404𝑥1))]
(𝑥3(1.0394−0.00123404𝑥1))
2  
=
[𝑥3(1.0394−0.00123404𝑥1)(0.8−0.0012304𝑥3)−(1−0.001538𝑥3)(0.8𝑥1−25.6)(−0.00123404𝑥3)]
(𝑥3(1.0394−0.00123404𝑥1))
2  
 
𝜕𝑎𝑐𝑠
𝜕𝑥1
(𝑥0, 𝑢0) =
[𝑥3
0(1.0394−0.00123404𝑥1
0)(0.8−0.0012304𝑥3
0)−(1−0.001538𝑥3
0)(0.8𝑥1
0−25.6)(−0.00123404𝑥3
0)]
(𝑥3
0(1.0394−0.00123404𝑥1
0))
2     
(3.55.1) 
And; 
𝜕𝑞𝑒
𝜕𝑥1
=
𝜕
𝜕𝑥1
[(0.854𝑢2 − 0.147)𝑥1 + 45.59𝑢1 − 2.514𝑢3 − 2.096 ] 
                                      = 0.854𝑢2 − 0.147 
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𝜕𝑞𝑒
𝜕𝑥1
(𝑥0, 𝑢0) = 0.854𝑢2
0 − 0.147                                                                                       (3.55.2) 
             𝐶32 =
𝜕ℎ3
𝜕𝑥2
(𝑥0, 𝑢0) =
𝜕
𝜕𝑥2
[0.05(0.13073𝑥3 + 100𝑎𝑐𝑠 + 𝑞𝑒
9
− 67.975)](𝑥0,𝑢0) =  0          (3.56)                                                                                                                                         
            𝐶33 =
𝜕ℎ3
𝜕𝑥3
(𝑥0, 𝑢0) =
𝜕
𝜕𝑥3
[0.05(0.13073𝑥3 + 100𝑎𝑐𝑠 + 𝑞𝑒
9
− 67.975)](𝑥0,𝑢0)  
                   = 0.0065365 + 5
𝜕𝑎𝑐𝑠
𝜕𝑥3
                                                                                              (3.57)             
Substitute the value of 𝑎𝑐𝑠 from (3.7) and;  
    
𝜕𝑎𝑐𝑠
𝜕𝑥3
=
𝜕
𝜕𝑥3
[
(1−0.001538𝑥3)(0.8𝑥1−25.6)
𝑥3(1.0394−0.00123404𝑥1) 
]  
=
 
[𝑥3(1.0394−0.00123404𝑥1)∗
𝜕
𝜕𝑥3
((1−0.001538𝑥3)(0.8𝑥1−25.6))−(1−0.001538𝑥3)(0.8𝑥1−25.6)∗
𝜕
𝜕𝑥3
(𝑥3(1.0394−0.00123404𝑥1))]
(𝑥3(1.0394−0.00123404𝑥1))
2  
=  
[𝑥3(1.0394−0.00123404𝑥1)(−0.00123404𝑥1+0.039372)−(1−0.001538𝑥3)(0.8𝑥1−25.6)(1.0394−0.00123404𝑥1)]
(𝑥3(1.0394−0.00123404𝑥1))
2                           
𝜕𝑎𝑐𝑠
𝜕𝑥3
(𝑥0, 𝑢0)= 
   
[𝑥3
0(1.0394−0.00123404𝑥1
0)(−0.00123404𝑥1
0+0.039372)−(1−0.001538𝑥3
0)(0.8𝑥1
0−25.6)(1.0394−0.00123404𝑥1
0)]
(𝑥3
0(1.0394−0.00123404𝑥1
0))
2                                                                                                                                                      
                                                                                                                                                (3.57.1) 
𝐷11 =
𝜕ℎ1
𝜕𝑢1
(𝑥0, 𝑢0) =
𝜕
𝜕𝑢1
(𝑥1)(𝑥0,𝑢0) =  0                                                          (3.58)                                                           
𝐷12 =
𝜕ℎ1
𝜕𝑢2
(𝑥0, 𝑢0) =
𝜕
𝜕𝑢2
(𝑥1)(𝑥0,𝑢0) =  0                                                            (3.59)                                                                                  
𝐷13 =
𝜕ℎ1
𝜕𝑢3
(𝑥0, 𝑢0) =
𝜕
𝜕𝑢3
(𝑥1)(𝑥0,𝑢0) =  0                                                          (3.60)                                                                                              
𝐷21 =
𝜕ℎ2
𝜕𝑢1
(𝑥0, 𝑢0) =
𝜕
𝜕𝑢1
(𝑥2)(𝑥0,𝑢0) =  0                                                          (3.61)                                                                                   
𝐷22 =
𝜕ℎ2
𝜕𝑢2
(𝑥0, 𝑢0) =
𝜕
𝜕𝑢2
(𝑥2)(𝑥0,𝑢0) =  0                                                          (3.62)                                                                                                                                                                                  
𝐷23 =
𝜕ℎ2
𝜕𝑢3
(𝑥0, 𝑢0) =
𝜕
𝜕𝑢3
(𝑥2)(𝑥0,𝑢0) =  0                                                           (3.63)                                                          
𝐷31 =
𝜕ℎ3
𝜕𝑢1
(𝑥0, 𝑢0) =
𝜕
𝜕𝑢1
[0.05(0.13073𝑥3 + 100𝑎𝑐𝑠 + 𝑞𝑒
9
− 67.975)](𝑥0,𝑢0) 
                                = 
0.05
9
∗ 45.59 = 0.2533                                                                              (3.64) 
𝐷32 =
𝜕ℎ3
𝜕𝑢2
(𝑥0, 𝑢0) =
𝜕
𝜕𝑢2
[0.05(0.13073𝑥3 + 100𝑎𝑐𝑠 + 𝑞𝑒
9
− 67.975)](𝑥0,𝑢0) 
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                           = 
0.05
9
∗ 0.854𝑥1
0 = 0.00474𝑥1
0                                                                     (3.65) 
                     𝐷33 =
𝜕ℎ3
𝜕𝑢3
(𝑥0, 𝑢0) =
𝜕
𝜕𝑢3
[0.05(0.13073𝑥3 + 100𝑎𝑐𝑠 + 𝑞𝑒
9
− 67.975)](𝑥0,𝑢0) 
                            = 
0.05
9
∗ (−2.514) = −0.014                                                                        (3.66) 
Now, the state-space model is written as follows:   
 ?̇̅? = 𝐴?̅? + 𝐵?̅?                                   
            ?̅? = 𝐶?̅? + 𝐷?̅?                                   
The element of the A, B, and C and D matrices are obtained from (3.31) to (3.39), (3.40) to (3.48), 
and (3.49) to (3.57) and (3.38) to (3.66) respectively. 
Where, 
          𝐴 =
[
 
 
 
 −0.00203𝑢2
0(𝑥1
0)
1
8 0 0
(0.08212𝑢2
0 − 0.018)(𝑥1
0)
1
8 −0.1 0
0.19−1.1𝑢2
0
85
0 0]
 
 
 
 
                                      (3.67) 
 
𝐵 =
[
 
 
 
 0.9 −0.0018(𝑥1
0)
9
8 −0.15 
0 0.073(𝑥1
0)
9
8 0
0 −
1.1
85
𝑥1
0 141
85 ]
 
 
 
 
                                                   (3.68) 
 
                        𝐶 = [
1 0 0
0 1 0
5
𝜕𝑎𝑐𝑠
𝜕𝑥1
+
0.05
9
𝜕𝑞𝑒
𝜕𝑥1
 0 0.0065365 + 5
𝜕𝑎𝑐𝑠
𝜕𝑥3
]                                           (3.69)  
 
                       𝐷 = [
0 0 0
0 0 0
 0.2533 0.00474𝑥1
0 −0.014
]                                                            (3.70)  
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The variables 𝑦, 𝑥, and 𝑢 are the differences of the output, state, and input, respectively from the 
corresponding operating points. The operating points are determined based on a nominal operation 
of the plant. Considering that the model represents a 160 MW unit. The operating point for water 
level 𝑦3  must be zero in order to keep the water level in the middle of the drum, which is 50% in 
the drum level. Therefore, the typical operating points of the system obtained by Bell and Astrom 
model where the nominal system is working at the operating point in [6], given as follows.  
   𝑢0 = [0.34  0.69  0.433]𝑇, 𝑥0 = [108  66.65  428]𝑇 and 𝑦0 = [108  66.65  0]𝑇  
The constant matrices A, B, C, and D are evaluated at these operating points in (3.67) to (3.70) 
and these gives as follows:  
𝐴 = [
−0.00251 0 0
0.069 −0.1 0
−0.00669 0 0
]                                                                           (3.71) 
 
𝐵 = [
0.9 −0.349 −0.15 
0 14.155 0
0 −1.397 1.6588
]                                                                         (3.72) 
 
𝐶 = [
1 0 0
0 1 0
0.00634 0 0.00047
]                                                                        (3.73) 
 
                        𝐷 = [
0 0 0
0 0 0
 0.2533 0.5119 −0.014
]                                                                 (3.74)  
The eigenvalues of the system are 0, −0.1 and −0.0025, hence this system is neutrally stable.  
Then, a simple algebraic operation with Laplace transform gives transfer functions as follows: 
𝑌(𝑠) = [𝐶(𝑠𝐼 − 𝐴)−1𝐵 + 𝐷]𝑈(𝑠)  = [
𝐺11 𝐺12 𝐺13
𝐺21 𝐺22 𝐺23
𝐺31 𝐺32 𝐺33
] 𝑈(𝑠)                                               (3.75)  
where; 
𝐺(𝑠) =
𝑌(𝑠)
𝑈(𝑠)
 
The transfer function matrix is obtained as the transfer function matrix of 3x3 matrix. 
                                        𝐺11 =
0.9
𝑠+0.00251
                                                                                                 
𝐺21 =
0.0621
𝑠2+0.1025𝑠+0.000251
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𝐺31 =
0.2533𝑠2+0.006342𝑠−2.83𝑒−6
𝑠2+0.00251𝑠
                                                                     
𝐺12 =
−0.349
𝑠+0.00251
                                                                                                
𝐺22 =
14.11𝑠+0.01135
𝑠2+0.1025𝑠+0.000251
                                                                               (3.81) 
𝐺32 =
0.5119𝑠2−0.001584𝑠−5.507𝑒−7
𝑠2+0.00251𝑠
                                                                   
𝐺13 =
−0.15
𝑠+0.00251
                                                                                                
𝐺23 =
−0.01035
𝑠2+0.1025𝑠+0.000251
                                                                                
𝐺33 =
−0.014𝑠2−0.0002065𝑠+2.429𝑒−6
𝑠2+0.00251𝑠
                                                                  
Therefore, G(s) is: 
         𝐺(𝑠) = [
𝐺11 𝐺12 𝐺13
𝐺21 𝐺22 𝐺23
𝐺31 𝐺32 𝐺33
]                                                                          (3.82)   
 
𝐺(𝑠) =
[
 
 
 
 
0.9
𝑠+0.00251
−0.349
𝑠+0.00251
−0.15
𝑠+0.00251
0.0621
𝑠2+0.1025𝑠+0.000251
14.11𝑠+0.01135
𝑠2+0.1025𝑠+0.000251
−0.01035
𝑠2+0.1025𝑠+0.000251
0.2533𝑠2+0.006342𝑠−2.83𝑒−6
𝑠2+0.00251𝑠
0.5119𝑠2−0.001584𝑠−5.507𝑒−7
𝑠2+0.00251𝑠
−0.014𝑠2−0.0002065𝑠+2.429𝑒−6
𝑠2+0.00251𝑠 ]
 
 
 
 
                                     
This model helps to analyze the whole operation of the boiler-turbine-generator.  
3.4 Process and Control-loop Interaction Analysis 
3.4.1 Process interaction analysis 
MIMO system is difficult to control compared to SISO system because of process and control loop 
interactions. Interactions occur when manipulated variables that affect more than one controlled 
variable. In this thesis, the interactions are analyzed by designing of Simulink model for the boiler-
turbine-generator. The manipulated variables are the fuel flow 𝑢1, steam flow 𝑢2, and feed water 
flow 𝑢3. The controlled variables are the drum steam pressure 𝑦1, electric power 𝑦2 and drum 
water-level 𝑦3.  
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3.4.1.1 Simulink model and process interaction analysis of boiler-turbine-generator 
The open-loop simulink model for the boiler-turbine-generator is as shown in Fig. 3.2. 
 
Fig. 3.2: Open loop simulink model of boiler-turbine-generator 
3.4.1.2 Open-loop response for the transfer functions of boiler-turbine-generator 
Step-responses of the linearized model horizontal axes are time (in seconds), and the three rows of 
plots represent the outputs, 𝑦1(P in kg/cm
2), 𝑦2 (E in MW), and 𝑦3 (L in m). The three sub plots 
are the responses corresponding to the respective step inputs, 𝑢1, 𝑢2, and 𝑢3. Responses for open 
loop individual transfer function of the matrix given in Fig. 3.3.  
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                                𝑢1                                                         𝑢2                                              𝑢3 
Fig. 3.3: Step-responses for the open-loop linearized model of boiler-turbine-generator 
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3.4.2 Relative gain array (RGA) 
For designing control system for MIMO systems with interactions, it is required to select proper 
input-output pairing. To determine proper pairs it is essential to evaluate the degree of interaction 
between variables. The Relative Gain Array (RGA) concept is used to evaluate the degree of 
interaction between input-output variables of boiler-turbine-generator.  It provides two types of 
useful information such as measure of process interactions and recommendation about the best 
pairing of controlled and manipulated variables. It requires knowledge of steady state gains but 
not process dynamics. Steady state Relative Gain Array (RGA) was used in this thesis to determine 
the best input-output pairing. The direct calculation of the RGA through the Hadamard product 
(element by element): 
Λ = 𝐾 × (𝐾−1)𝑇 
Where ×   denotes element-by-element multiplication (the Hadamard or Schur product). To 
calculate the RGA, the gain matrix, K can be written as:  
𝐾 = lim
𝑠→0
[
𝐾11 𝐾12 𝐾13
𝐾21 𝐾22 𝐾23
𝛾31
𝑠
𝛾32
𝑠
𝛾33
𝑠
] 
𝐾 = lim
𝑠→0
[
1 0 0
0 1 0
0 0
1
𝑠
] [
𝐾11 𝐾12 𝐾13
𝐾21 𝐾22 𝐾23
𝛾31 𝛾32 𝛾33
] 
Then, 
𝐾−1 = lim
𝑠→0
[
𝐾11 𝐾12 𝐾13
𝐾21 𝐾22 𝐾23
𝛾31 𝛾32 𝛾33
]
−1
[
1 0 0
0 1 0
0 0 𝑠
] 
Introducing L, appropriately defined: 
𝐾−1 = lim
𝑠→0
[
𝐿11 𝐿12 𝐿13
𝐿21 𝐿22 𝐿23
𝐿31 𝐿32 𝐿33
] [
1 0 0
0 1 0
0 0 𝑠
] 
    = lim
𝑠→0
[
𝐿11 𝐿12 𝐿13𝑠
𝐿21 𝐿22 𝐿23𝑠
𝐿31 𝐿32 𝐿33𝑠
] 
Taking the Hadamard product, canceling s, and taking the limit: 
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    Λ = [
𝐿11𝐾11 𝐿12𝐾12 𝐿13𝐾13
𝐿21𝐾21 𝐿22𝐾22 𝐿23𝐾23
𝐿31𝛾31 𝐿32𝛾32 𝐿33𝛾33
] 
This would be the same as if K was simply given by, 
𝐾 = [
𝐾11 𝐾12 𝐾13
𝐾21 𝐾22 𝐾23
𝛾31 𝛾32 𝛾33
] 
Therefore the steady state gain matrix is found to be: 
  
𝐾 = [
358.566 −139.04 −59.76
247.41 45.22 −41.23
2.53 −0.11 −0.7
] 
Therefore, the RGA of K is as follows: 
Λ = [
0.92 0.67 −0.6
1.59 0.32 −0.91
−1.51 0 2.51
] 
Therefore, the recommended pairing is 𝑦1 with 𝑢1, 𝑦2with 𝑢2 and 𝑦3 with 𝑢3.  
3.4.3 Control-loop interactions analysis 
Control loop interactions occurs in MIMO systems, like boiler-turbine-generator due to the 
presence of a multi-loop. In this model of boiler-turbine-generator 1-1/2-2/3-3 pairing i.e.  𝑦1 
by  𝑢1 , 𝑦2  by 𝑢2  and 𝑦3 by 𝑢3  control scheme is used as shown in Fig. 3.4. The multi-loop 
interactions are considered, the closed loop response of each controlled variables are affected. 
Suppose the steam pressure 𝑦1moves from set point due loop interaction or disturbance. The 
following events are occur: 
1. The controller for loop-1 adjusts 𝑢1 to force 𝑦1 back to the set point, however, 𝑢1 also affects          
𝑦2   and 𝑦3 via transfer function 𝐺21 and 𝐺31respectively which are undesirable interactions.  
2. Since 𝑦2 has changed, the loop-2 controller adjusts 𝑢2 so as to bring 𝑦2 back to its set point, 
𝑦2𝑠𝑝 . However, changing 𝑢2  also affects 𝑦1  and 𝑦3   via the transfer functions 𝐺12  and 𝐺32 
respectively which are undesirable interactions. 
3. Since 𝑦3 also has changed, the loop-3 controller adjusts 𝑢3 so as to bring 𝑦3 back to its set point, 
𝑦3𝑠𝑝 . However, changing 𝑢3  also affects 𝑦1  and 𝑦2 via the transfer functions 𝐺13  and 𝐺23 
respectively which are undesirable interactions.  
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3.4.3.1 Simulink model and control-loop interaction analysis of boiler-turbine-generator 
Simulink model of multi-loop control for the boiler–turbine-generator is as shown in Fig. 3.4.  
 
Fig. 3.4: Simulink model of boiler-turbine-generator multi-loop control 
From Fig. 3.4 simulink model of boiler-turbine-generator multi-loop control the interactions can 
be observed when one of the controlled variables is changed its set point as follows. 
Case 1:  when none of the set points is changed, since there is no disturbance the controller does 
not take an action so there is no interaction as shown in Fig. 3.5. 
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Fig. 3.5: Closed loop response when there is no set point change 
Case 2: when 𝑌1 set point is changed from 140kg/cm
2 randomly to 300kg/cm2, the feedback control 
takes action to bring the drum steam pressure to the desired set point. While doing this the 
responses for 𝑌2 and 𝑌3 are disturbed by this control action via the transfer functions of 𝐺21 and 
𝐺31 as shown in Fig. 3.6.  
 
(a) Power                                                (b) drum water level 
Fig. 3.6:  Y2 and Y3 affected when Y1 set point is changed 
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Case 3: when set point of 𝑌2 is changed from 160Mw to 300Mw, the feedback control takes action 
to bring the power to the desired set point. While doing this the responses for 𝑌1  and 𝑌3are 
disturbed by this control action via the transfer functions of 𝐺12 and 𝐺32 as shown in Fig. 3.7. 
 
 (a) Steam pressure                                             (b) Drum water level 
Fig. 3.7:  Y1 and Y3 affected when Y2 set point is changed 
Case 4: when set point of  𝑌3 is changed from 0 M to 5 M, the feedback control takes action to 
bring the drum water level to the desired set point. While doing this the responses for 𝑌1 and 𝑌2are 
disturbed by this control action via the transfer functions of 𝐺13 and 𝐺23as shown in Fig. 3.8. 
 
(a) Steam pressure (b) power 
Fig. 3.8: Y1 and Y2 affected when Y3 set point is changed 
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3.5 Decoupler 
A popular approach to deal with control loop interactions is to design non-interacting or 
decoupling control schemes. The objective of this control is to compensate the effects of loop 
interactions. This is achieved through the specification of compensation networks known as 
“Decoupler”. The role of decoupler is to decompose a multivariable process like boiler-turbine-
generator into many independent single-loop sub-systems. If such a controller is designed, 
complete or ideal decoupling occurs and the multivariable process can be controlled using 
independent loop controllers [20]. In this thesis, a decoupling technique is applied to compensate 
interactions in a process and reduce control loop interactions. The general block diagram of a 
decoupler with boiler-turbine-generator is shown in Fig. 3.9.   
Controller
C(s)
Decoupler
D(s)
Boiler-turbine-
generator model
G(s)
R1(s)
R2(s)
R3(s)
Y1(s)
Y2(s)
    
    Y3(s)
     
            U1(s)
        
         U2(s)
  
U3(s)
            V1(s)
V2(s)
V3(s)
-
+
-
+
-
+
E1(s)
E2(s)
E3(s)
 
Fig. 3.9: Block diagram representation of the decoupled closed loop control system  
The decoupler is designed to reduce the interactions to the maximum in the multivariable 
measurement like boiler. The decoupling matrix is obtained to make the interaction system to non-
interaction system. Decoupling at the input of a 3 × 3 process transfer function G requires the 
design of a decoupler transfer function matrix D, such that GD is a diagonal transfer function 
matrix Q, where; 
                      𝐷 = [
𝐷11 𝐷12 𝐷13
𝐷21 𝐷22 𝐷23
𝐷31 𝐷32 𝐷33
]                                                      (3.83) 
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                                       𝐺 = [
𝐺11 𝐺12 𝐺13
𝐺21 𝐺22 𝐺23
𝐺31 𝐺32 𝐺33
]                                                       (3.84)  
According to ideal decoupling procedure the diagonal is substituted as 𝐷11=𝐷22=𝐷33=1 in (3.83). 
Multiply the G matrix which is the transfer function matrix with the 𝐷 matrix to obtain all the 
value of 𝐺𝐷 transfer matrix. 𝐺𝐷 diagonal transfer matrix gives the SISO system of three variables 
which is to be controlled in the boiler-turbine-generator.                                                                    
                      𝐺𝐷 = 𝑄 = [
𝐺11 𝐺12 𝐺13
𝐺21 𝐺22 𝐺23
𝐺31 𝐺32 𝐺33
] [
1 𝐷12 𝐷13
𝐷21 1 𝐷23
𝐷31 𝐷32 1
] = [
𝑄11 0 0
0 𝑄22 0
0 0 𝑄33
]            (3.85) 
For an ideal 𝐺𝐷 matrix non-diagonal equation is equal to zero so that the equation of 𝐷12, 𝐷13, 
𝐷21 , 𝐷23 , 𝐷31 , and 𝐷32  can be obtained. Apply the 𝐷 matrix equation in 𝐺𝐷 matrix to get the 
diagonal value of 𝐺𝐷 matrix which is nothing but the three independent SISO transfer function of 
the three output variables.  As it is stated above the diagonals of 𝐺𝐷 matrix are the SISO control 
variables transfer functions to be controlled. These are 
𝑄11 =
𝑦1
𝑢1
 , 𝑄22 =
𝑦2
𝑢2
  and 𝑄33 =
𝑦3
𝑢3
                                                            (3.86) 
where 𝑦1 is the decoupled drum steam pressure, 𝑦2  is the decoupled output power and 𝑦3  is 
decoupled drum water level. Then (3.85) becomes:                          
[
𝐺11 + 𝐺12𝐷21 + 𝐺13𝐷31 𝐺11𝐷12 + 𝐺12 + 𝐺13𝐷32 𝐺11𝐷13 + 𝐺12𝐷23 + 𝐺13
𝐺21 + 𝐺22𝐷21 + 𝐺23𝐷31 𝐺21𝐷12 + 𝐺22 + 𝐺23𝐷32 𝐺21𝐷13 + 𝐺22𝐷23 + 𝐺23
𝐺31 + 𝐺32𝐷21 + 𝐺33𝐷31 𝐺31𝐷12 + 𝐺32 + 𝐺33𝐷32 𝐺31𝐷13 + 𝐺32𝐷23 + 𝐺33
] =
[
𝑄11 0 0
0 𝑄22 0
0 0 𝑄33
]                                                                                                      (3.87) 
Equating the off-diagonal of 𝐺𝐷 matrix with the off-diagonal of 𝑄 matrix in order to obtain the 
off-diagonal of 𝐷 matrix as follows: 
 
        𝐺11𝐷12 + 𝐺12 + 𝐺13𝐷32 = 0  
                                𝐺11𝐷13 + 𝐺12𝐷23 + 𝐺13 = 0  
                                𝐺21 + 𝐺22𝐷21 + 𝐺23𝐷31 = 0  
                                𝐺21𝐷13 + 𝐺22𝐷23 + 𝐺23 = 0                                                                      (3.88) 
                                𝐺31 + 𝐺32𝐷21 + 𝐺33𝐷31 = 0  
                                𝐺31𝐷12 + 𝐺32 + 𝐺33𝐷32 = 0  
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Solving (3.88) simultaneous, it is obtain the decoupler matrix as well as 𝑄 which are the three 
independent SISO transfer functions of each input and output variables.  
𝐷12 =
(𝐺13𝐺32−𝐺12𝐺33)
(𝐺11𝐺33−𝐺13𝐺31)
  
𝐷32 =
(𝐺31𝐺12−𝐺11𝐺32)
(𝐺11𝐺33−𝐺13𝐺31)
  
𝐷13 =
(𝐺12𝐺23−𝐺22𝐺13)
(𝐺11𝐺22−𝐺12𝐺21)
  
                                    𝐷23 =
(𝐺21𝐺13−𝐺11𝐺23)
(𝐺11𝐺22−𝐺12𝐺21)
                                                                                    (3.89) 
𝐷21 =
(𝐺23𝐺31−𝐺21𝐺33)
(𝐺22𝐺33−𝐺23𝐺32)
  
𝐷31 =
(𝐺32𝐺21−𝐺31𝐺22)
(𝐺22𝐺33−𝐺23𝐺32)
  
With little algebraic manipulation and ignoring the orders with very small coefficients, and it is 
found that the decouplers are given by: 
𝐷21 =
0.001752𝑠+0.0006048
0.1975𝑠2+0.06001𝑠+0.006119
                                                                                        
 
𝐷31 =
3.574𝑠3+1.187𝑠2+0.1429𝑠+0.007427
0.1975𝑠3+0.06001𝑠2+0.006119𝑠+0.0002104
                                                                   
 
𝐷12 =
−0.08167𝑠−0.001064
0.0254𝑠+0.001148
                                                                                                     
      
𝐷32 =
−0.5491𝑠−0.009057
0.0254𝑠+0.001148
                                                                                                          (3.90)                                                                                                                           
 
             𝐷13 =
2.116𝑠3+0.6721𝑠2+0.07492𝑠+0.003317
12.7𝑠3+4.032𝑠2+0.4495𝑠+0.0199
                                                                          
 
                                          𝐷23 = 0                                                           
Equating the diagonal of 𝑄 matrix with the product of G and D. 
            𝑄11 = 𝐺11 + 𝐺12𝐷21 + 𝐺13𝐷31     
                       𝑄11 = 𝐺11 + 𝐺12 (
𝐺23𝐺31−𝐺33𝐺21
𝐺33𝐺22−𝐺32𝐺23
) + 𝐺13(
𝐺32𝐺21−𝐺31𝐺22
𝐺33𝐺22−𝐺32𝐺23
)                                    (3.91) 
                       𝑄22 = 𝐺21𝐷12 + 𝐺22 + 𝐺23𝐷32 
      
  39 
  
                       𝑄22 = 𝐺22 + 𝐺21 (
𝐺13𝐺32−𝐺12𝐺33
𝐺11𝐺33−𝐺13𝐺31
) + 𝐺23(
𝐺31𝐺12−𝐺11𝐺32
𝐺11𝐺33−𝐺13𝐺31
)                                    (3.92) 
                       𝑄33 = 𝐺31𝐷13 + 𝐺32𝐷23 + 𝐺33 
                       𝑄33 = 𝐺33 + 𝐺31 (
𝐺12𝐺23−𝐺22𝐺13
𝐺11𝐺22−𝐺12𝐺21
) + 𝐺32(
𝐺21𝐺13−𝐺11𝐺23
𝐺11𝐺22−𝐺12𝐺21
)                                    (3.93) 
Therefore, by ignoring the orders with very small coefficients and, it is found that the following 
diagonal transfer function of the boiler-turbine-generator 𝑄(𝑠):  
where; 
          𝑄11 =
0.07078𝑠3+0.04647𝑠2+0.01309𝑠+0.002059
0.03902𝑠4+0.024𝑠3+0.006198𝑠2+0.0008633𝑠
                                                                                
                                                       
          𝑄22 =
0.009𝑠3+0.002711𝑠2+0.0003054𝑠+0.00001698
0.0006449𝑠4+0.0002566𝑠3+0.00004085𝑠2+0.000003367𝑠
                                         (3.94)                                
 
          𝑄33 =
0.3583𝑠3+0.1255𝑠2+0.01645𝑠+0.0009922
12.7𝑠4+4.096𝑠3+0.4698𝑠2+0.02218𝑠
                                                                                     
Since, from (3.86) its obtain 𝑦1(𝑠), 𝑦2(𝑠) and 𝑦3(𝑠) as follows: 
                      𝑦1(𝑠) = 𝑄11(𝑠)𝑢1(𝑠)  
                       𝑦1(𝑠) =
0.07078𝑠3+0.04647𝑠2+0.01309𝑠+0.002059
0.03902𝑠4+0.024𝑠3+0.006198𝑠2+0.0008633𝑠
𝑢1(𝑠)                                                            
                       𝑦2(𝑠) = 𝑄22(𝑠)𝑢2(𝑠)  
                       𝑦2(𝑠) =
0.009𝑠3+0.002711𝑠2+0.0003054𝑠+0.00001698
0.0006449𝑠4+0.0002566𝑠3+0.00004085𝑠2+0.000003367𝑠
𝑢2(𝑠)                           (3.95)                             
                        𝑦3(𝑠) = 𝑄33(𝑠)𝑢3(𝑠)  
                        𝑦3(𝑠) =
0.3583𝑠3+0.1255𝑠2+0.01645𝑠+0.0009922
12.7𝑠4+4.096𝑠3+0.4698𝑠2+0.02218𝑠
𝑢3(𝑠)                                                                   
Thus, in the presence of the decouplers, the three input three output of boiler-turbine-generator is 
presented as three independent SISO transfer functions. The above (3.95) gives the decoupled 
boiler-turbine-generator as three independent SISO transfer functions. Now, it easy to design a 
controller to each of those three independent SISO transfer functions such as steam pressure, 
output power and drum water level.  
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3.5.1 Simulink model of the three independent SISO system without a controller (Open- loop 
system) 
The simulink model of the three independent SISO system without a controller is as shown in     
Fig. 3.10. 
 
 
(a) Simulink model of open-loop SISO steam pressure 
 
 
(b) Simulink model of open-loop SISO power 
 
 
(c) Simulink model of open-loop SISO drum water level 
Fig. 3.10: Simulink model of the three independent SISO system without a controller 
3.6 Controller Design 
In this thesis, two types of controllers are applied such as PID controller and model reference 
adaptive controller (MRAC). The objective of these controller is to control the three independent 
SISO transfer functions of boiler-turbine-generator such as steam pressure, electrical power and 
drum water level. The PID controller is used as a benchmark to illustrate the performance of the 
model reference adaptive controller.  
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3.6.1 PID controller design 
PID controller can be understood as a controller that takes the present, the past, and the future 
of the error into consideration. Tuning a control loop is the adjustment of its control parameters 
(proportional band/gain, integral gain/reset, derivative gain/rate) to the optimum values for the 
desired control response. Stability (bounded oscillation) is a basic requirement, but beyond that, 
different systems have different behavior, different applications have different requirements, and 
requirements may conflict one with another [10] - [13].     
 The PID controller transfer function in ideal form is as follows: 
𝐶 = 𝑃(1 +
𝐼
𝑠
+
𝐷𝑠
𝑠
𝑁
+1
)   
   =
𝑃(1+𝐷𝑁)𝑠2+(𝐼+𝑁)𝑠+𝐼𝑁
𝑠(𝑠+𝑁)
                                                                                                        (3.96)   
For a stable controller, all the three numerator coefficients requires positive value. Because 𝑁 is 
positive, 𝐼𝑁 > 0 requires that 𝐼 is also positive. However, the only restriction on 𝐷  is (1 + 𝐷𝑁) > 0 . 
Therefore, as long as 𝐷𝑁 > −1  a negative D still yields a stable controller. Where 𝑁  is filter 
coefficient, 𝑃 is proportional gain, and 𝐼 integral gain and 𝐷 derivative gain.                                                                                  
In this thesis, its first present the design of a PID controller for the three independent SISO transfer 
functions of boiler-turbine-generator using MATLAB/Simulink automatic tuning.    
3.6.1.2 Simulink model of PID Controller for the decoupled boiler-turbine-generator  
In this thesis the PID controller gains are tuned automatically using PID tuner. the robustness tells 
that the ability to withstand or the response of the system exhibits the desired performance despite 
the  presence of significant process uncertainty.  The simulink model of each SISO system of 
boiler-turbine generator is as follows: 
3.6.1.2.1 Pressure control 
The closed loop plant for SISO steam pressure with PID controller is developed in MATLAB 
Simulink as shown in Fig. 3.11. The PID controller gains are tuned automatically and the values 
of the gains for a robustness of 0.6 are Kp = 0.6761, Ki = 0.06822, Kd = -0.3 and filter coefficient 
(N) = 1.  
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Fig. 3.11: Simulink model for SISO steam pressure control with PID controller 
3.6.1.2.2 Power control 
The closed loop plant for SISO Power with PID controller is developed in MATLAB Simulink as 
shown in Fig. 3.12. The PID controller gains are tuned automatically and the values of the gains 
for a robustness of 0.6 are Kp = 0.0713, Ki = 0.02107, Kd = -0.01635 and filter coefficient (N) = 
1.422. 
 
Fig. 3.12: Simulink model for SISO power control with PID controller 
3.6.1.2.3 Drum water level control 
The closed loop plant for SISO drum water level with PID controller is developed in MATLAB 
Simulink as shown in Fig. 3.13. The PID controller gains are tuned automatically and the values 
of the gains for a robustness of 0.6 are Kp = 34.8, Ki = 6.39, Kd = -0.3045 and filter coefficient (N) 
= 114.3.  
 
Fig. 3.13: Simulink model for SISO drum water level control with PID controller 
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3.6.2. Design of model reference adaptive controller (MRAC)  
The general idea behind Model Reference Adaptive Control (MRAC) is to create a closed loop 
controller with parameters that can be updated to change the response of the system. Model 
reference adaptive control is an adaptive control technique where the performance specifications 
are given in terms of a reference model. The model is selected in such a way that it gives the ideal 
response of the process which is desired. In this type, the adaptation mechanism directly adapt the 
controller parameter which will control the given plant system to make tracking to the reference 
model which has a desired performance. The error coming from the difference between the output 
of the plant and the output of the reference model acts as input to the adaptation mechanism. The 
controller parameters are automatically adjusted by the adaptation mechanism in such a way that 
the performance of the process output matches with that of the model. The parameter adjustment 
mechanism can be MIT rule or Lyapunov stability method. A stable closed loop system cannot be 
guaranteed by MIT rule so Lyapunov stability method is used in this thesis, which avoids the 
instability problems present in the gradient approaches (MIT rule).  
MRAC has two loops: an inner loop that is an ordinary control loop consisting of the plant and the 
controller, and an outer loop that adjusts the parameters of the controller in such a way as to drive 
the error between the model output and plant output to zero. 
The MRAC structure consists of four main parts: the plant, the controller, the reference model and 
the adjustment mechanism as shown in Fig. 3.14.  
Controller
Decoupler
D(s)
Boiler-Turbine Generator
Gp(s)
Adjustment
mechanism
Reference Model
Gm(s)
    Ym
         Reference input
       Uc 
YM
  
U
-
+
 
Fig. 3.14: Structure of model reference adaptive control system (MRAC) 
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Reference Model: This part of controller specifies the desired performance. It should reflect the 
performance specifications in control tasks. In fact, the adaptive controller forced actual system to 
behave like reference model.  
Controller: It is usually parameterized by a number of adjustable parameters. The control law is 
linear in terms of the adjustable parameters (linear parameterization). Adaptive controller design 
normally requires linear parameterization in order to obtain adaptation mechanism with guaranteed 
stability and tracking convergence. The values of these control parameters are mainly dependent 
on adaptation gain which in turn changes the control algorithm of adaptation mechanism. 
Adaptation Mechanism: It is used to adjust the parameters in the control law. Adaptation law 
searches for the parameters such that the response of the plant which should be same as the 
reference model. It is designed to guarantee the stability of the control system as well as 
convergence of tracking error to zero. 
3.6.2.1 Lyapunov stability method 
The Lyapunov stability method is an important class of adaptive control. This method attempts to 
find the Lyapunov function and an adaptation mechanism in such a way that the error between 
plant and model goes to zero. Also this method ensures stability of the control parameters of the 
system. In this thesis we consider the design using the Lyapunov stability method (Lyapunov rule). 
When designing a MRAC using the Lyapunov rule, it is chosen: the reference model, the controller 
structure and the tuning gains for the adjustment mechanism.  
In this method, the reference model is usually assumed as a first order system with a differential 
equation to drive the control structure shown below 
 
𝑑𝑦𝑚
𝑑𝑡
= −𝑎𝑚𝑦𝑚 + 𝑏𝑚𝑢𝑐                                                                       (3.97) 
the process to be controlled is described as a first order model 
𝑑𝑦
𝑑𝑡
= −𝑎𝑦 + 𝑏𝑢                                                                                    (3.98)  
For the control law, it is chosen a combination of feedforward and feedback of the form 
𝑢 = 𝜃1𝑢𝑐 − 𝜃2𝑦                                                                                   (3.99) 
and the error be 
                                   𝑒 = 𝑦 − 𝑦𝑚                                                                                            (3.100)   
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where; 
            𝑦 - is the plant output 
            𝑦𝑚 -  is reference model output 
            𝜃1 𝑎𝑛𝑑 𝜃2 - are the parameters of the controller to be updated  
            𝑢𝑐 - is the reference input 
            𝑒 - is the difference between actual plant output and reference model output 
             𝑢 - is the controller output signal                
Hence, it is required to make the error goes to zero as much as possible, it is natural to drive a 
differential equation for the error as follows: 
           ?̇? = ?̇? − ?̇?𝑚                                                                                                       
              = −𝑎𝑦 + 𝑏𝑢 − (−𝑎𝑚𝑦𝑚 + 𝑏𝑚𝑢𝑐)                                                                (3.101)  
              = −𝑎𝑦 + 𝑏𝑢 + 𝑎𝑚𝑦𝑚 − 𝑏𝑚𝑢𝑐                                                                  
Substitute u by the above (3.99) in to (3.101) 
        ?̇? = −𝑎𝑦 + 𝑏(𝜃1𝑢𝑐 − 𝜃2𝑦) + 𝑎𝑚𝑦𝑚 − 𝑏𝑚𝑢𝑐                                        
                      = −𝑎𝑦 − 𝑏𝜃2𝑦 + 𝑎𝑚𝑦𝑚 + (𝑏𝜃1 − 𝑏𝑚)𝑢𝑐                                                        (3.102) 
                      = −𝑎𝑚𝑒 − (𝑏𝜃2 + 𝑎 − 𝑎𝑚)𝑦 + (𝑏𝜃1 − 𝑏𝑚)𝑢𝑐                                    
To ascertain Lyapunov rule, while parameter adjustment mechanism drive the parameters 𝜃1 and 
𝜃2 to their desired values, a quadratic function is chosen as a Lyapunov function as follows: 
    𝑉(𝑒, 𝜃1, 𝜃2) =
1
2
[𝑒2 +
1
𝑏𝛾
(𝑏𝜃2 + 𝑎 − 𝑎𝑚)
2 +
1
𝑏𝛾
(𝑏𝜃1 − 𝑏𝑚)
2]                                             (3.103) 
This Lyapunov function is zero when 𝑒 is zero and the controller parameters are equal to the 
correct values. The total derivation of  𝑉 yileds; 
         ?̇? = 𝑒
𝑑𝑒
𝑑𝑡
+
1
𝛾
(𝑏𝜃2 + 𝑎 − 𝑎𝑚)
𝑑𝜃2
𝑑𝑡
 +
1
𝛾
(𝑏𝜃1 − 𝑏𝑚)
𝑑𝜃1
𝑑𝑡
                                                 (3.104) 
             = −𝑎𝑚𝑒
2 +
1
𝛾
(𝑏𝜃2 + 𝑎 − 𝑎𝑚) (
𝑑𝜃2
𝑑𝑡
− 𝛾𝑦𝑒) +
1
𝛾
(𝑏𝜃1 − 𝑏𝑚)(
𝑑𝜃1
𝑑𝑡
+ 𝛾𝑢𝑐𝑒)            
is negative, the above mentioned quadratic function is a Lyapunov function. If the parameters are 
updated as  
                                         
𝑑𝜃1
𝑑𝑡
= −𝛾𝑢𝑐𝑒        
𝜃1  = −
𝛾𝑢𝑐𝑒
𝑠
                                                                                                                                                                            
                                        
𝑑𝜃2
𝑑𝑡
= 𝛾𝑦𝑒                                                                                                            (3.105) 
𝜃2 =
𝛾𝑦𝑒
𝑠
 
      
  46 
  
where 𝛾 is the adaptation gain  
the derivative 
           ?̇? = −𝑎𝑚𝑒
2                                                                                         (3.106) 
is thus negative semi definite. This implies that 𝑉(𝑡) ≤ 𝑉(0) and hence𝑒 , 𝜃1  and 𝜃2  must be 
bounded. As a result the output of the system 𝑦 = 𝑒 + 𝑦𝑚 is also bounded. 
The Lyapunov stability based method avoids the instability problems present in the gradient 
approaches or MIT rule.  
In this thesis, underdamped second order system is chosen as reference model 𝐺𝑚 with damping 
ratio 0.7 and natural frequency 4.04 whose transfer function is given by  
                                                         𝐺𝑚 =
16.32
𝑠2+5.4𝑠+16.32
                                                                             (3.107) 
It is chosen the underdamped second order system with damping ratio 0.7 and natural frequency 
4.04 , due to the fact that  the response of underdamped second order system is close to final value 
or desired output more rapidly than critical damped and over damped system. 
3.6.2.2 Simulink model of MRAC for the decoupled system  
Simulink model of each SISO system of boiler-turbine generator design is given as follows: 
3.6.2.2.1 MRAC for pressure control 
The approximated transfer function for SISO steam pressure is given in (3.108) as 
                             𝑄11 =
𝑦1
𝑢1
=
0.07078𝑠3+0.04647𝑠2+0.01309𝑠+0.002059
0.03902𝑠4+0.024𝑠3+0.006198𝑠2+0.0008633𝑠
                                                    (3.108) 
The MRAC developed in MATLAB Simulink for controlling steam pressure is given in Fig. 3.15. 
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Fig. 3.15: Simulink model for SISO steam pressure control with MRAC 
3.6.2.2.2 MRAC for Power control 
The approximated transfer function for SISO power is given in (3.109) as 
                        𝑄22 =
𝑦2
𝑢2
=
0.009𝑠3+0.002711𝑠2+0.0003054𝑠+0.00001698
0.0006449𝑠4+0.0002566𝑠3+0.00004085𝑠2+0.000003367𝑠
                                             (3.109) 
The MRAC developed in MATLAB Simulink for controlling power is given in Fig. 3.16. 
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Fig. 3.16: Simulink model for SISO power control with MRAC 
3.6.2.2.3 MRAC for drum water Level control 
The approximated transfer function for SISO drum water level is given in (3.110) as 
                                  𝑄33 =
𝑦3
𝑢3
=
0.3583𝑠3+0.1255𝑠2+0.01645𝑠+0.0009922
12.7𝑠4+4.096𝑠3+0.4698𝑠2+0.02218𝑠
                                                   (3.110) 
The MRAC developed in MATLAB Simulink for controlling drum water level is given in Fig. 
3.17. 
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Fig. 3.17: Simulink model for SISO drum water level control with MRAC 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
      
  50 
  
CHAPTER FOUR 
SIMULATION RESULTS AND DISCUSSIONS 
In chapter 3, the mathematical model, linearizing, and the effect of interactions and design of a 
decoupler to compensate interactions among each controlled and manipulated variables in boiler 
turbine generator are presented and discussed in detail. Moreover, design of PID controller and 
MRAC for the decoupled boiler turbine generator is done. In this chapter simulation results of the 
system is discussed. First, simulation result for the three SISO independent controlled variables 
without any controller i.e. open-loop response is presented. Then the results of PID controller for 
the three SISO independent controlled variable is presented. Finally, simulation result of MRAC 
for the three SISO independent controlled variables is presented and compared with the results of 
PID controller.   
4.1 Open-loop Response for the three independent SISO system 
The open loop response for the three independent SISO system is shown from Fig. 4.1 to Fig. 4.3. 
The response of three parameter is continuously increased which means does not get settled, 
unstable and not at the desired value. Thereby there is the need of closed loop system with a 
controller for control the value at the desired value and settle the output at short time with minimum 
overshoot. 
 
Fig. 4.1: Step response of open loop SISO steam pressure  
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Fig. 4.2: Step response of open loop SISO power 
 
Fig. 4.3: Step response of open loop SISO drum water level 
4.2 Results using PID Controller 
In this thesis PID controller is used as benchmark to compare the performance of the MRAC with 
the performance of the PID controller. 
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4.2.1 Response of SISO steam pressure control using PID controller 
The closed loop response of the SISO system of steam pressure control in the boiler turbine 
generator in Fig. 4.4 was obtained from the simulink model for SISO system to control steam 
pressure in the boiler turbine generator. The response is shown in Fig. 4.4 with the following time 
domain specifications: rise time=1.37 Sec, settling time = 10.6 sec, overshoot= 17.9% Peak= 1.18 
closed loop stability = stable. 
 
Fig. 4.4: Closed loop response of the SISO system of steam pressure control using PID controller 
4.2.2 Response of SISO power control using PID controller 
The closed loop response of the SISO system of power control in the boiler turbine generator in 
Fig. 4.5 was obtain from simulink model for SISO system to control power in the boiler turbine 
generator. The response is shown in Fig. 4.5 with the following time domain specifications: rise 
time = 1.47 sec, settling time = 9.37 sec, overshoot = 11.4%, peak 1.1 and the closed loop system 
is stable. 
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Fig. 4.5: Closed loop response of the SISO system of power control using PID controller 
4.2.3 Response of SISO drum water level control using PID controller 
The closed loop response of the SISO system of level control in the boiler turbine generator in Fig. 
4.6 was obtain from simulink model for SISO system to control level in the boiler turbine generator. 
The response is shown in Fig. 4.6 with the following time domain specifications. rise time = 1.52 
sec, settling time = 12.4 sec, overshoot = 13.1%, peak 1.13 and the closed loop system is stable. 
 
Fig. 4.6: Closed loop response of the SISO system of drum water level control using PID 
controller 
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4.3 Results using Model Reference Adaptive Control based on Lyapunov rule 
4.3.1 Response of SISO steam pressure control using MRAC controller 
The closed loop response of the SISO system of steam pressure control in the boiler turbine 
generator in Fig. 4.7 was obtained from the Simulink model for SISO system to control steam 
pressure in the boiler turbine generator. The response as shown in Fig. 4.7 perfectly follows the 
reference model and quickly attend the desired steam pressure. So, MRAC have good response 
than the PID controller developed. 
 
Fig. 4.7: Closed loop response of SISO steam pressure control using MRAC 
4.3.2 Response of SISO power control using MRAC controller 
The closed loop response of the SISO system of power control in the boiler turbine generator in 
Fig. 4.8 was obtained from the Simulink model for SISO system to control power in the boiler 
turbine generator. The response as shown in Fig. 4.8 perfectly follows the reference model and 
quickly attend the desired power. So, MRAC have good response than the PID controller 
developed. 
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Fig. 4.8: Closed loop response of SISO power control using MRAC 
4.3.3 Response of SISO drum water level control using MRAC controller 
The closed loop response of the SISO system of drum water level in the boiler turbine generator 
in Fig. 4.9 was obtained from the simulink model for SISO system to control drum water level in 
the boiler turbine generator. The response as shown in Fig. 4.9 perfectly follows the reference 
model and quickly attend the desired drum water level. So, MRAC have good response than the 
PID controller developed.   
 
Fig. 4.9: Closed loop response of SISO drum water level using MRAC 
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From Fig. 4.10 to Fig. 4.12 shows that the step response of the steam pressure, output power and 
drum water level control respectively versus time, the two responses have been plotted on the same 
graph to be compared.   
 
Fig. 4.10: Comparison of MRAC and PID controller with a step input for SISO steam pressure 
control 
 
Fig. 4.11: Comparison of MRAC and PID controller with a step input for power control 
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Fig. 4.12: Comparison of MRAC and PID controller with a step input for drum water level 
control 
Generally, as shown in Table 4.1 the MRAC gives better performance and more stable than PID 
controller in each SISO of the system.  The performance specifications using MRAC are good 
with fast rise time, short settling time and small overshoot. 
Table 4.1: performance characteristics comparison of PID controller and MRAC for SISO drum 
steam pressure, SISO power output and SISO drum water level  
 
Criterion 
Steam pressure Power Drum water level 
PID 
Controller 
MRAC PID 
Controller 
MRAC PID 
Controller 
MRAC 
Rise time (sec) 1.37 0.5035 1.47 0.5035 1.52 0.5035 
Settling time         
(sec) 
10.6 1.48 9.37 1.48 12.4 1.48 
Overshoot (%) 17.9 5.94 11.4 5.94 13.1 5.94 
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CHAPTER FIVE 
CONCLUSIONS AND RECOMMENDATIONS 
5.1 Conclusions 
In this thesis Lyapunov rule based MRAC with decoupler for boiler-turbine-generator is designed. 
The design procedure consists of 4 steps: first mathematical model is linearized using Taylor series 
expansion on selected operating point. Second the interaction is analyzed and designed a decoupler 
to decouple the boiler-turbine-generator into three independent SISO system. Third, PID controller 
is designed for each SISO systems to compare with MRAC. Finally, MRAC with Lyapunov rule 
adaptation mechanism is developed.   
• The decoupler is used to convert the MIMO boiler-turbine-generator into three independent 
SISO system. 
• The Lyapunov rule based MRAC for each SISO transfer functions has shown great 
improvement as shown in table 4.1 in all time domain specifications. 
Generally, the simulation results show that, under Lyapunov rule based MRAC the performance 
characteristics of systems are greatly improved. The improvements are as follows:   
• for steam pressure the rise time, settling time and overshoot is improved by 63.25%, 
86.04% and 66.82% respectively as compared to that obtained using PID controller 
• for out power the rise time, settling time and overshoot is improved by 65.75%, 84.2% and 
47.89% respectively as compared to that obtained using PID controller  
• for drum water level the rise time, settling time and overshoot is improved by 66.87% , 
88.06%  and 54.66% respectively as compared to that obtained using PID controller  
Therefore, from the simulation results, it can be concluded that the performance response of the 
system using Lyapunov rule based MRAC is better and more stable than PID controller. All 
performance specifications are good with fast rise time, short settling time and small overshoot. 
The system is also stable with zero steady state error. In general, the expected result from 
Lyapunov rule based MRAC is achieved successfully.  
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5.2 Recommendations 
In this thesis work, it is considered a system only with three inputs which are fuel flow, steam flow, 
and feed water flow and three outputs which are steam pressure, output power, and drum water 
level. As future work, the system performance can be further improved by considering more than 
three inputs and more than three outputs and by using of more advanced controllers like artificial 
neural network and model predictive control.    
Finally, if all components are available this thesis can be implemented practically which could 
enable a more realistic performance analysis of the system. 
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